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ABSTRACT
The band s t r u c t u r e  and t r a n s p o r t  p r o p e r t i e s  o f  t h e  t e c h n o l o g i c a l l y
im p o r t a n t  m a t e r i a l s  GaAs and InP  and  ( G a in ) ( A s P ) / I n P  w ere  s t u d i e d  as  a
f u n c t i o n  o f  t e m p e r a t u r e ,  p r e s s u r e  and m a g n e t ic  f i e l d .  The e l e c t r o n  
$
e f f e c t i v e  m ass ,  m , was m easu red  a s  a  f u n c t i o n  o f  e n e rg y  g a p ,  Eqj u s i n g
h y d r o s t a t i c  p r e s s u r e  a s  a  dummy v a r i a b l e  t o  change  t h e  band s t r u c t u r e .  In
InP  i t  was found t h a t  t h e  t h r e e  band k .p  model was s u f f i c i e n t  t o  e x p l a i n
t h e  e n e rg y  gap  dependence  o f  t h e  e f f e c t i v e  mass w h i le  i n  GaAs, a  s m a l l
c o n t r i b u t i o n  from h i g h e r  bands  was n e c e s s a r y .  In  Ga Tn i  As Pi a l l o y s ,x I—x y I-y
£
dm /d E Q Wa s  found to  be a b o u t  50% l a r g e r  t h a n  i n  compound s e m i c o n d u c t o r s .  
£
The v a r i a t i o n ,  dm /dEQj a s  a  f u n c t i o n  o f  c o m p o s i t io n  f o l l o w s  t h e  v a r i a t i o n  
o f  a l l o y  d i s o r d e r .  Based on t h e  t r e n d s  i n  band gap d e p e n d en c e  o f  t h e  
e f f e c t i v e  mass i n  v a r i o u s  a l l o y  s y s te m s  and compound s e m i c o n d u c t o r s , a  
t e n t a t i v e  e x p l a n a t i o n  was o f f e r e d  to  a c c o u n t  f o r  t h e  l a r g e  dm /d E Q v a lu e  i n  
t h e s e  a l l o y s .  P h o t o c o n d u c t iv i t y  m easu rem en ts  were made a s  a  f u n c t i o n  o f  
p r e s s u r e ,  t o  s tu d y  th e  v a r i a t i o n  o f  t h e  p r e s s u r e  c o e f f i c i e n t  o f  t h e  d i r e c t  
band gap w i th  c o m p o s i t io n .  The r e s u l t s  i n d i c a t e  t h a t  dEQ/d P  i s  a l s o  
i n f l u e n c e d  by a l l o y  d i s o r d e r .
M easurem ents  o f  th e  h o l e  m o b i l i t y ,  | i , a s  a  f u n c t i o n  o f  p r e s s u r e  show 
t h a t ,  w h i le  i n  GaAs and InP  d J i / d P  i s  p o s i t i v e ,  i n  t h e  a l l o y  d ^ / d P  i s  
n e g a t i v e .  These r e s u l t s  were a n a ly s e d  i n  te r m s  o f  t h e  t r a n s p o r t  p a r a m e t e r s  
and t h e i r  p r e s s u r e  dependence  t o  e v a l u a t e  t h e  p r e s s u r e  c o e f f i c i e n t  o f  t h e  
h eav y  h o l e  e f f e c t i v e  m ass ,  dmc h /d P .  I t  was found t h a t ,  w h i l e  i n  In P  and  
th e  a l l o y s  dmc h /d P  i s  p o s i t i v e ,  i n  GaAs dmc h /d P  i s  n e g a t i v e .
M easurem ents  o f  t h e  a c t i v a t i o n  e n e rg y  o f  t h e  Mn a c c e p t o r  l e v e l  in  
(G a In ) (A sP )  and i t s  p r e s s u r e  c o e f f i c i e n t  show t h a t  t h e  c l o s e r  t h e  l e v e l  i s  
t o  t h e  v a le n c e  band th e  more i t  i s  i n f l u e n c e d  by i t ,  c o n t r a r y  t o  t h e
a rg u m e n ts  t h a t  t h e  d eep  l e v e l s  a r e  in d e p e n d e n t  o f  t h e  h o s t  m a t e r i a l .  T h is
i s  e x p la i n e d  on t h e  a s s u m p t io n  t h a t  t h e  Mn i m p u r i t y  wave f u n c t i o n s  a r e  
somewhat d e l o c a l i s e d  and a r e  i n f l u e n c e d  by t h e  v a le n c e  b a n d .
In  Mn+Ge co -doped  a l l o y s ,  i t  was found t h a t  when t h e  Mn a c t i v a t i o n  
e n e rg y  i s  l a r g e ,  even  i n  h e a v i l y  doped , c l o s e l y  com pensa ted  p - t y p e  
m a t e r i a l s  t h e  m o b i l i t y  i s  d o m in a te d  by phonon s c a t t e r i n g .  T h is  anam oly  i s  
a t t r i b u t e d  to  t h e  f o rm a t io n  o f  Mn+Ge d i p o l e s  a s s o s i a t e d  w i th  t h e  d i f f u s i o n
o f  n e u t r a l  Mn. T h is  h y p o t h e s i s  was s u p p o r t e d  by t h e  m easu rem en ts  o f  t h e
d i f f u s i o n  p r o f i l e s  o f  Mn i n t o  v a r i o u s  s u b s t r a t e s .
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CHAPTER 1
I n t r o d u c t i o n
The e l e c t r o n i c  band s t r u c t u r e  o f  e l e m e n t a l  and compound s e m ic o n d u c to r s  
h a s  been  s t u d i e d  e x t e n s i v e l y  b o th  e x p e r i m e n t a l l y  and t h e o r e t i c a l l y .  These 
s t u d i e s  have  g iv e n  a  co m p re h en s iv e  know ledge o f  t h e  band s t r u c t u r e  i . e .  
t h e  fu n d a m e n ta l  band gap and th e  n a t u r e  o f  t h e  c o n d u c t io n  and v a le n c e  
b a n d s .  More r e c e n t l y ,  d e t a i l e d  know ledge and u n d e r s t a n d in g  o f  t h e  band 
s t r u c t u r e  h a s  become i n c r e a s i n g l y  im p o r t a n t  f o r  t h e  d e s ig n  and a n a l y s i s  o f  
s e m ic o n d u c to r  d e v i c e s .  The fu n d a m e n ta l  band g a p ,  t h e  e f f e c t i v e  m a sse s  o f
e l e c t r o n s  and h o l e s  and th e  c u r v a t u r e  o f  t h e  bands  a r e  a l l  b a s i c  t o  th e
d e s c r i p t i o n  o f  c a r r i e r  m o b i l i t y ,  im p a c t  i o n i z a t i o n ,  r a d i a t i v e  r e c o m b in a t io n  
and n o n - r a d i a t i v e  t r a n s i t i o n s  w hich  a r e  e s s e n t i a l  f o r  t h e  u n d e r s t a n d in g  o f  
t h e  s e m ic o n d u c to r  d e v ic e  o p e r a t i o n  a s  w e l l  a s  t h e  p h y s i c s  o f  t h e  m a t e r i a l s  
th e m s e lv e s .  In  t h i s  t h e s i s ,  t h e  band s t r u c t u r e  a t  t h e  T p o i n t  o f  t h e  two 
t e c h n o l o g i c a l l y  im p o r ta n t  s e m ic o n d u c to r s ,  G a ll ium  a r s e n i d e  and Indium  
p h o sp h id e  h a s  been  s t u d i e d  to  t e s t  t h e  r e c e n t  m u l t ib a n d  f o r m u l a t i o n s  o f  t h e  
k .p  t h e o r y  [ 1 ] ,  The t h e o r y  o f  band s t r u c t u r e  a t  t h e  T p o i n t  i s  d i s c u s s e d  
in  c h a p t e r  2 .  The k .p  t h e o r y  p e r m i t s  one t o  c a l c u l a t e  t h e  sh a p e  o f  t h e
e n e rg y  ban d s  i n  t h e  v i c i n i t y  o f  t h e  e x tre m a  p o i n t s ,  i f  t h e  e n e rg y  g a p s  and
th e  a p p r o p r i a t e  m a t r ix  e le m e n ts  a t  t h e s e  p o i n t s  a r e  known. A l t e r n a t i v e l y ,  
i f  t h e  e f f e c t i v e  mass and th e  e n e rg y  g aps  a r e  known, m a t r i x  e le m e n ts  c a n  be 
c a l c u l a t e d .  In  t h e  p r e s e n t  work, h y d r o s t a t i c  p r e s s u r e  h a s  been  u s e d  a s  a 
dummy v a r i a b l e  t o  change  t h e  band s t r u c t u r e  and th e  c o n d u c t io n  band
e f f e c t i v e  m ass ,  m , was m easu red  a s  a f u n c t i o n  o f  t h e  fu n d a m e n ta l  e n e rg y
g a p ,  E The e x p e r im e n ta l  t e c h n i q u e s  f o r  t h e s e  m easu rem en ts  a r e  d e s c r i b e d  
in  c h a p t e r  4 .  The r e s u l t s  on InP and GaAs a r e  p r e s e n t e d  i n  c h a p t e r  5 .
I I I - V  s e m ic o n d u c to r  a l l o y s  a r e  a n o th e r  c l a s s  o f  m a t e r i a l s  o f  
c o n s i d e r a b l e  i n t e r e s t  f o r  d e v ic e  a p p l i c a t i o n s .  The c o n t in u o u s  v a r i a b i l i t y  
o f  band p a r a m e te r s  makes p o s s i b l e  t h e  d e s ig n  o f  a m a t e r i a l  w i th  v i r t u a l l y  
any  gap w id th  w i t h in  t h e  r a n g e  c o v e re d  by t h e  I I I - V  compounds 0 .1 7  eV t o
2 . 3  eV ).  T h is  d e s i g n a b i l i t y  i s  e s p e c i a l l y  u s e f u l  f o r  o p t o e l e c t r o n i c  
d e v i c e s  i n  w hich  o p e r a t i o n  a t  a  p a r t i c u l a r  w a v e le n g th  i s  r e q u i r e d ,  a s  i n  
i n f r a r e d  s e n s o r s  and s e m ic o n d u c to r  l a s e r s .  O p t i c a l  f i b r e  com m un ica t ion  
demands d e v ic e s  o p e r a t i n g  a t  w a v e le n g th s  a t  w hich a b s o r p t i o n  i s  low , and 
t h i s  r a n g e  i s  c o v e re d  by t h e  q u a t e r n a r y  a l l o y  Gax i n 1_xAsy Pl _y ( y ^ 2 . 2x) 
grown l a t t i c e  m atched  to  In P .  The room te m p e r a tu r e  e n e rg y  gap o f  t h i s  
a l l o y  can  be  c o n t i n u o u s ly  v a r i e d  from 0 .7 5  eV i n  GaQ i ^ I n g  ^gAs (y=1) t o  
1 .3 5  eV i n  InP (y = 0 ) .  These a l l o y s  p r o v id e  an  i n t e r e s t i n g  t e s t  f o r  t h e  
u n d e r s t a n d in g  o f  how th e  fu n d a m e n ta l  e l e c t r o n i c  p r o p e r t i e s  v a r y  w i t h  
c h e m ic a l  c o m p o s i t io n  a s  one g o e s  from  p u re  b i n a r y ,  In P ,  t o  t h e  t e r n a r y  
a l l o y ,  Ga^ jjylnQ 53AS, th ro u g h  d i f f e r e n t  q u a t e r n a r y  a l l o y  c o m p o s i t i o n s .  
The t h e o r y  o f  a l l o y  band s t r u c t u r e  i s  d i s c u s s e d  i n  c h a p t e r  2 ( s e c t i o n  2 . 5 ) .  
In  t h e  p r e s e n t  work, t h e  band gap dependence  o f  t h e  e f f e c t i v e  mass was 
i n v e s t i g a t e d  i n  th e  a l l o y  ( G a i n ) ( A s P ) / In P  f o r  two a l l o y  c o m p o s i t i o n s  and  
th e  r e s u l t s  a r e  p r e s e n t e d  i n  c h a p t e r  6 . M easurem ents  o f  t h e  d i r e c t  band  
gap p r e s s u r e  c o e f f i c i e n t  i n  t h i s  a l l o y  a r e  a l s o  p r e s e n t e d  i n  c h a p t e r  6 . 
The m a t e r i a l  p a ra m e te r s  r e q u i r e d  f o r  t h e  i n t e r p r e t a t i o n  o f  t h e  e x p e r i m e n t a l  
r e s u l t s  a r e  g iv e n  i n  c h a p t e r  3 .
\
An im p o r ta n t  f a c t o r  t o  be c o n s id e r e d  i n  d e v ic e  d e s i g n  i s  t h e  i m p u r i t y  
d o p in g .  Almost a l l  d e v ic e  a p p l i c a t i o n s  need  some k in d  o f  d o p in g  and t h e  
s e l e c t i o n  o f  a  p ro p e r  d o p a n t  c o u ld  be  c r u c i a l  f o r  a  p a r t i c u l a r  a p p l i c a t i o n .  
In  m ost o f  t h e  I I I - V  s e m ic o n d u c to r s ,  n - t y p e  d o p in g  can be  e a s i l y  a c h i e v e d .  
However, t h e r e  e x i s t s  a  need  f o r  c o n t r o l l a b l e  a c c e p t o r  d o p in g  i n  many 
a p p l i c a t i o n s  w hich  make u s e  o f  a  p - n  j u n c t i o n .  Many a c c e p t o r  d o p a n t s  u s e d  
in  t h e s e  m a t e r i a l s  s u f f e r  from v a r i o u s  d i s a d v a n t a g e s .  These  d raw b a ck s  a r e
h ig h  v ap o u r  p r e s s u r e  (C d ,Z n ) ,  a  h i g h  a f f i n i t y  f o r  oxygen (Mg,Be) and 
t o x i c i t y  (B e ,C d ) .  As an a l t e r n a t i v e  p - ty p e  d o p a n t  w i th  low d i f f u s i o n  
c o e f f i c i e n t ,  low v apou r  p r e s s u r e  and h ig h  d i s t r i b u t i o n  c o e f f i c i e n t ,  Mn h a s  
b een  i n v e s t i g a t e d .  Hole t r a n s p o r t  i n  Mn doped LPE GaAs, InP  and 
( G a i n ) ( A s P ) / In P  h a s  been  s t u d i e d .  The a c t i v a t i o n  e n e rg y  o f  t h e  Mn a c c e p t o r  
i n  t h e s e  m a t e r i a l s  i s  e v a lu a t e d  from  H a l l  e f f e c t  and  r e s i s t i v i t y  
m easu rem en ts  a s  a  f u n c t i o n  o f  t e m p e r a t u r e ,  and t h e  r e s u l t s  a r e  p r e s e n t e d  i n  
c h a p t e r  8 . The e x p e r im e n ta l  t e c h n i q u e s  u se d  f o r  t h e s e  m easu rem en ts  a r e  
d e s c r i b e d  i n  c h a p t e r  4 .  The p r e s s u r e  d e p en d en ce  o f  t h e  h o l e  m o b i l i t y  i n  
p - ty p e  (doped  w i th  Zn, Cd o r  Mn) GaAs, InP and  (G a In ) (A sP )  was a l s o  
i n v e s t i g a t e d  and th e  r e s u l t s  a r e  d i s c u s s e d  i n  c h a p t e r  7 .
i
The p r o p e r t i e s  o f  s h a l lo w  i m p u r i t i e s  h av e  been  w e l l  u n d e r s to o d  i n  t h e  
f ram e  work o f  t h e  e f f e c t i v e  mass a p p r o x im a t io n .  However, t h e  n a t u r e  o f  
deep  l e v e l s  re m a in s  t o  be u n d e r s to o d .  Of p a r t i c u l a r  i n t e r e s t  among th e  
deep  i m p u r i t i e s  a r e  t h e  t r a n s i t i o n  m e ta l  e l e m e n t s .  They form  deep  l e v e l s  
i n  t h e  s e m ic o n d u c to r  h o s t  and a r e  o f t e n  u se d  a s  d o p a n ts  t o  p ro d u ce  
s e m i - i n s u l a t i n g  m a t e r i a l s .  They can  a l s o  be p r e s e n t  i n  t h e  m a t e r i a l ,  
i n a d v e r t a n t l y .  There a r e  c o n s i d e r a b l e  d i f f i c u l t i e s  i n  t h e  c h a r a c t e r i s a t i o n  
o f  su c h  d e f e c t s  [ 2 ] .  E x p e r im e n ta l  i n v e s t i g a t i o n s  a r e  m a in ly  c o n c e rn e d  w i th  
t h e  m ic r o s c o p ic  c h a r a c t e r i s a t i o n  o f  d e f e c t s  and t h e i r  a c t i v a t i o n  e n e r g i e s .  
R e c e n t ly ,  J a n t s c h  e t  a l  [ 3 ]  have  shown t h a t  h y d r o s t a t i c  p r e s s u r e  p r o v id e s  a  
v a l u a b l e  e x t e n s i o n  i n  d e f e c t  l e v e l  s p e c t r o s c o p y ,  and  i t  i s  p o s s i b l e  t o  
d i s t i n g u i s h  be tw een  s h a l lo w  and deep  s t a t e s ,  s u b s t i t u t i o n a l  and 
i n t e r s t i t i a l  d e f e c t s  by m e a su r in g  t h e i r  p r e s s u r e  c o e f f i c i e n t s .  I t  h a s  b een  
s u g g e s t e d  by Ledebo and R id le y  [4 ]  t h a t  deep  l e v e l s  a r e  l a r g e l y  t i e d  to  t h e  
vacuum l e v e l ,  and a r e  in d e p e n d e n t  o f  t h e  h o s t  l a t t i c e  ( c h a p t e r  2 ) .  I f  t h i s  
i s  t r u e  i t  p r o v id e s  a  means t o  com pare t h e  e n e r g i e s  o f  t h e  band e d g e s  
r e l a t i v e  t o  one a n o th e r  and hence  t o  d e te r m in e  band edge  o f f s e t s  a t  
h e t e r o j u n c t i o n s .  H y d r o s t a t i c  p r e s s u r e  p r o v id e s  t h e  t e c h n i q u e  t o  t e s t  s u c h
a h y p o t h e s i s ,  s i n c e  t h e  band s t r u c t u r e  c h an g es  c o n s i d e r a b l y  u n d e r  th e  
a p p l i c a t i o n  o f  p r e s s u r e ,  w h i l e  t h e  deep  l e v e l  i s  e x p e c te d  to  rem ain  
c o n s t a n t .  In  t h e  p r e s e n t  work, t h e  p r e s s u r e  c o e f f i c i e n t  o f  t h e  a c t i v a t i o n  
e n e rg y  o f  t h e  Mn deep  l e v e l  was m easu red  i n  GaAs, InP  and i n  t h e  a l l o y  
( G a in ) ( A s P ) / I n P  a s  a  f u n c t i o n  o f  a l l o y  c o m p o s i t io n .  The r e s u l t s  a r e  
p r e s e n t e d  and d i s c u s s e d  in  c h a p t e r  8 .
The s t u d i e s  o f  t h e  Mn a c t i v a t i o n  e n e rg y  i n  t h e  a l l o y  Gax ln ^ _ xAsy P  ^
shows t h a t  t h e  a c c e p t o r  l e v e l  i s  r e l a t i v e l y  deep  i n  InP  and i n  a l l o y s  o f  
low y c o m p o s i t i o n .  Thus i t  i s  t e m p t in g  to  u se  Mn a s  a  c o m p e n sa t in g  d o p a n t  
f o r  t h e  p r o d u c t i o n  o f  h ig h  r e s i s t i v i t y  m a t e r i a l .  T h e r e f o r e ,  s a m p le s  o f  low 
y (G a in ) (A sP )  a l l o y  c o n c u r r e n t l y  doped w i th  b o th  Mn and th e  s h a l lo w  d o n o r ,  
Ge, were s t u d i e d .  The e l e c t r i c a l  p r o p e r t i e s  o f  t h e s e  sa m p le s  show t h a t  t h e  
c o m p e n sa t io n  mechanism i n  t h e s e  sa m p le s  i s  v e r y  d i f f e r e n t  from  th e  u s u a l  
d o n o r - a c c e p t o r  c o m p e n sa t io n  w hich  l e a d s  to  t h e  r e d u c t i o n  i n  c a r r i e r  
m o b i l i t y  by i n c r e a s e d  i o n i s e d  i m p u r i t y  s c a t t e r i n g .  However, i n  h i g h l y  
c om pensa ted  and h e a v i l y  dop ed ,  low y a l l o y  sam p les  doped w i th  Mn and  Ge, 
i o n i s e d  i m p u r i t y  s c a t t e r i n g  i s  a lm o s t  a b s e n t  and to  u n d e r s t a n d  t h i s  
s i m i l a r l y  doped Gag ^ I U q 53AS (y=1) sam p les  were s t u d i e d .  T h is  e x c i t i n g ,  
anaraolous b e h a v io u r  o f  t h e  Mn+Ge doped a l l o y s  i s  p r e s e n t e d  i n  c h a p t e r  9 . A 
model i s  a l s o  p r e s e n t e d  to  u n d e r s t a n d  t h e s e  new e f f e c t s .  F i n a l l y ,  i n  
c h a p t e r  10 , t h e  g e n e r a l  i m p l i c a t i o n s  o f  t h e  r e s u l t s  and t h e  sc o p e  f o r  
f u t u r e  work i s  d i s c u s s e d .
CHAPTER 2 
E nergy  ban d s  and i m p u r i t y  l e v e l s
2 .1  Band s t r u c t u r e  o f  I I I - V  s e m ic o n d u c to r s
2 . 1 . 1  I n t r o d u c t i o n
The a r ra n g e m e n t  and form o f  t h e  e n e rg y  ban d s  i n  a  p a r t i c u l a r  m a t e r i a l  
a r e  d e te rm in e d  by t h e  s p e c i e s  o f  a tom s i n  t h e  c r y s t a l ,  t h e  g e o m e t r i c  
s t r u c t u r e  o f  t h e  c r y s t a l ,  and th e  f r e e  atom s t a t e s  from  w hich  t h e y  a r e  
d e r i v e d . T h e o r e t i c a l  c a l c u l a t i o n s  o f  t h e  band s t r u c t u r e  u s in g  an assum ed 
c r y s t a l  p o t e n t i a l  a r e  b e s e t  w i th  g r e a t  c o m p u ta t io n a l  d i f f i c u l t i e s  and have  
n o t  y e t  been  c a p a b le  o f  p ro d u c in g  r e s u l t s  a c c u r a t e  enough f o r  r e l i a b l e  
q u a n t i t a t i v e  p r e d i c t i o n  o f  a l l  t h e  e x p e r im e n ta l  p a r a m e t e r s .  The seco n d  
a p p ro a c h  i s  a  c o m b in a t io n  o f  g roup  t h e o r y  and p e r t u r b a t i o n  t h e o r y  t o  
p r e d i c t  t h e  p o s s i b l e  fo rm s o f  t h e  band s t r u c t u r e  f o r  t h e  p a r t i c u l a r  c r y s t a l  
l a t t i c e  in v o lv e d  and to  d e te r m in e  t h e  s h a p e s  o f  t h e  E(k) c u r v e s  a c c u r a t e l y  
i n  t h e  v i c i n i t y  o f  p o i n t s  o f  h ig h  symm etry w i t h i n  t h e  B r i l l o u i n  z o n e .  A 
t h i r d  method i s  b a sed  on t h e  Van V echten  and P h i l l i p s  d i e l e c t r i c  t h e o r y  o f  
t h e  c h e m ic a l  bond to  e v a l u a t e  t h e  e n e rg y  g aps  a t  t h e  e x t r e m a l  p o i n t s .  T h is  
model e x p r e s s e s  t h e  e n e rg y  g aps  i n  t e rm s  o f  t h e  l a t t i c e  c o n s t a n t  and i s  
t h e r e f o r e  p a r t i c u l a r l y  s u i t a b l e  f o r  d e s c r i b i n g  th e  change  i n  band  s t r u c t u r e  
w i th  p r e s s u r e .  The l a t t e r  two m ethods  a lo n g  w i th  t h e  e f f e c t s  o f  
t e m p e r a t u r e ,  p r e s s u r e  and m a g n e t ic  f i e l d  on t h e  band  s t r u c t u r e  a r e  
d e s c r i b e d  i n  t h e  f o l l o w in g  s e c t i o n s .
/
2.1.2 k.£ perturbation theory
The s c h e m a t ic s  o f  t h e  band s t r u c t u r e  n e a r  k=0 i s  shown i n  f i g u r e  2 .1 .
Group t h e o r e t i c a l  n o t a t i o n s  u se d  i n  r e p r e s e n t i n g  v a r i o u s  b a n d s  i n  t h e  band
s t r u c t u r e s  o f  diamond and z in c b le n d e  ty p e  c r y s t a l s  a r e  i n d i c a t e d .  Both
s i n g l e  and d o u b le -g ro u p  n o t a t i o n s  a r e  em ployed i n  t h e  d e s c r i p t i o n  o f  band
s t r u c t u r e .  The d o u b le  group (DG) i s  u se d  when s p in  e f f e c t s  a r e  i n c l u d e d  in
t h e  c a l c u l a t i o n s ;  o th e r w i s e  s i n g l e  g roup  (SG) i s  u se d  [ 5 ] .  The band fo rm s
a v a i l a b l e  a t  any  symmetry p o i n t  i n  t h e  B r i l l o u i n  zone a r e  d e te r m in e d  by t h e
g roup  o f  o p e r a t i o n s  t h a t  l e a v e  t h e  symm etry p o i n t  u n c h a n g e d .  Symmetry
c o n s i d e r a t i o n s  can  be  used  a s  a  f o u n d a t i o n  t o  c o n s t r u c t  a  s e m i q u a n t i t a t i v e
t h e o r y  o f  t h e  band s t r u c t u r e  i n  t h e  v i c i n i t y  o f  a  symmetry p o i n t .  Such a
t h e o r y  was d e v e lo p e d  by Kane [ 6 ] ,  u s in g  th e  k . £  p e r t u r b a t i o n  c a l c u l a t i o n
w hich  g i v e s  t h e  E(k) c u rv e  shape  a ro u n d  any  p o i n t  I t  i s  a
s e m i e m p i r i c a l  t e c h n iq u e  i n  t h e  s e n s e  t h a t  m easu red  v a l u e s  o f  su c h
p a r a m e t e r s  a s  e n e rg y  gaps  and e f f e c t i v e  m a sse s  a t  k^ m ust be i n c o r p o r a t e d
i n  t h e  t h e o r y  i f  i t  i s  t o  y i e l d  q u a n t i t a t i v e  r e s u l t s .  In  a  c u b ic
$
s e m ic o n d u c to r  t h e  njc c o n d u c t io n  band e f f e c t i v e  m ass ,  m , i s  i s o t r o p i c  and 
i s  g iv e n  by ,
where Eq i s  t h e  c o n d u c t io n  band edge e n e rg y  and S i s  t h e  c o n d u c t io n
2
(2 . 1)
band wave f u n c t i o n  w hich i s  ’ s - l i k e 1 . The wave f u n c t i o n  u^ c o r r e s p o n d s  t o  
t h e  band a t  an  e n e rg y  E . .
J
A f u l l  t r e a tm e n t  o f  t h e  band s t r u c t u r e  n e a r  k=0, a t  t h e  f" p o i n t ,  
a ssum ing  t h a t  t h e  c o n d u c t io n  band and th e  v a le n c e  b a n d s  a r e
s t r o n g l y  c o u p le d  i s  g iv e n  by K ane[6 ] .  The s p i n - o r b i t  i n t e r a c t i o n  was a l s o
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Figure 2-1 Schematics of the band structure near k = 0
i n c lu d e d  i n  t h e  a n a l y s i s  and th e  e n e rg y  e ig e n v a lu e s  f o r  f o u r  b a n d s ,  t h e  
c o n d u c t io n  band (Ec ) ,  t h e  l i g h t  h o l e  band (El h ) , t h e  h eav y  h o l e  band (Eh h ) , 
and th e  s p l i t - o f f  band (Eg o ) a r e  g iv e n  by t h e  f o l l o w in g  s e c u l a r  e q u a t i o n .
(E-E ) (E-E ) (E-Ew+ A )  -  P2k 2 (E-E +2 A / 3 )  = 0 ( 2 .2 )
Here Eq and Ey r e f e r  to  t h e  e n e r g i e s  o f  t h e  c o n d u c t io n  band and v a l e n c e
2
band e x tre m a  a t  t h e  T p o i n t , A  i s  t h e  s p i n - o r b i t  s p l i t t i n g  and P i s  t h e  
momentum m a t r i x  e le m en t  d e s c r i b i n g  t h e  c o u p l in g  be tw een  and f^y
s t a t e s .  The s o l u t i o n s  o f  t h i s  e q u a t i o n  w hich  i g n o r e s  t h e  e f f e c t  o f  h i g h e r  
b a n d s ,  a r e  g iv e n  by th e  f o l l o w in g  e x p r e s s i o n s  [ 5 ] .
q c C o n d u c tio n  band :
t 2k 2
V k> = V  —F2m
Heavy h o l e  b an d :
Eh h (k)  = -  1i 2k 2/ 2mh 
l i g h t  h o l e  band :
El h (k )  = -  'h2k 2/ 2m1 
S p l i t - o f f  band :
Es o (k )  = -  A -  -h2k 2/ 2
m E
1 “m 3
m/m^ = 1
2 1 
-  +  -------
m/n^ = (2Ep/3 E 0 ) -  1
mso m/mso
3(E0+ A )
-  1
( 2 . 3 )
( 2 . 4 )
( 2 . 5 )
(2 . 6 )
I n  t h e s e  e q u a t i o n s  E^ i s  e q u a l  to  2mP2 / ^ 2 . The e n e r g i e s  i n  e q u a t i o n s  2 .3  
t o  2 . 6  a r e  g iv e n  w i th  r e s p e c t  t o  t h e  t o p  o f  t h e  v a le n c e  b a n d .
The p a r a b o l i c  d i s p e r s i o n  o f  t h e  e q u a t i o n s  2 .3  t o  2 . 6  c e a s e s  t o  be  an  
a c c e p t a b l e  a p p ro x im a t io n  where k i s  more t h a n  a s m a l l  f r a c t i o n  o f  a  
r e c i p r o c a l  l a t t i c e  v e c t o r .  However, i f  t h e  te rm s  g r e a t e r  t h a n  k 1* a r e  
n e g l e c t e d  i n  th e  s e c u l a r  e q u a t i o n  2 . 2 , t h e  f o l l o w in g  a p p ro x im a te  r e l a t i o n  
i s  o b t a i n e d  f o r  t h e  e n e rg y  i n  t h e  n o n p a r a b o l i c  c o n d u c t io n  band [ 7 ] :
Eo = V
t 2k 2 K.
2m
2 i ,2
2m
( 2 .7 )
where
k 2 = -
( 1+x 2 / 2 )
( 1 + X / 2 )
(1 —y ) ‘
-1
x = [1 + A / E o ] ( 2 .8 )
* /y = m /m
}
K2 i s  a  d im e n s io n le s s  q u a n t i t y  . S in c e  K2 i s  l e s s  t h a n  z e ro  t h e  e n e rg y  
r i s e s  l e s s  r a p i d l y  w i th  k t h a n  would have  been  t h e  c a s e  f o r  a  p e r f e c t l y  
p a r a b o l i c  b a n d .  The s i t u a t i o n  c an  be i n t e r p r e t e d  as  an  i n c r e a s e  o f  t h e
K £e f f e c t i v e  m ass ,  m , w i th  e n e rg y .  Note t h a t  i f  A ~ 0  and m <<m, t h e n  K2=_1 
and  th e  n o n p a r a b o l i c i t y  f a c t o r  K2 / e q - 1 / E 0 . The v a lu e  o f  K2 f o r  GaAs i s  
- 0 .8 2 4  and i t  h a s  a  n e g l i g i b l e  t e m p e r a t u r e  c o e f f i c i e n t  [ 8 ] .
The r e l a t i o n  f o r  t h e  c o n d u c t io n  band e f f e c t i v e  mass g iv e n  by e q u a t i o n
2 . 3  i s  a  s im p le  r e l a t i o n  c o n s i d e r i n g  o n ly  t h r e e  b a n d s ,  f^y ,  f^y. Such
an  a s su m p t io n  i s  th o u g h t  t o  be v a l i d  s i n c e  t h e  e n e rg y  d e n o m in a to r  E -E • i nc J
t h e  e f f e c t i v e  mass a p p ro x im a t io n  2 . 1  i s  l a r g e  e x c e p t  f o r  t h e  n e a r e s t  b a n d s .
The t h r e e  band model l e a d s  t o  an  a p p r o x i m a t e ly  c o n s t a n t  v a lu e  o f  E i n
P
I I I - V  compounds. I t  h a s  been  p o i n t e d  o u t  r e c e n t l y  by Hermann and W eisbuch
[ 1 ] t h a t  w h i l s t  t h e  t h r e e  band m odel g i v e s  good ag re e m e n t  w i th  t h e  m easu red
H e  c o n d u c t io n  band e l e c t r o n  g - f a c t o r ,  g * > a  m u l t ib a n d  a p p r o x im a t io n  i s
x xn e c e s s a r y  f o r  m . The e x p r e s s i o n  f o r  t h e  e f f e c t i v e  mass m , now i n c l u d i n g
th e  i n t e r a c t i o n  o f  t h e  h i g h e r  c o n d u c t io n  ban d s  i s  g iv e n  by ,
m E
m 3
2 1
t
EP 2 1
, Eo Eo+ A 3 _E(T8c ) - E 0 E(T7C) -E q
+ C ( 2 . 9 )
w here  E e *, and C a r e  d e f i n e d  a s  f o l l o w s :H P
Ep =(2/m)|<Slpxlu( r^v)>| (2.10)
e' =(2/m)|<Slpxlu( r5c)>| (2.11)
P„- 2 2
Pu- = -  
7  o_Eu '  m
■ I -c.—  w. i
I 2
< S | p x | u ' >  J ( 2 . 1 2 )
Here u ’ l a b e l s  a l l  t h e  bands  o t h e r  t h a n  r Cn and (“mr. E^ and  E# a r e  t h ebo bv p p
i n t e r a c t i o n  e n e r g i e s  d e s c r i b i n g  th e  c o u p l i n g  o f  t h e  ^  c o n d u c t io n  band
w i th  t h e  v a le n c e  ban d , and w i th  t h e  n e a r e s t  c o n d u c t io n  b a n d ,  f^-,,
r e s p e c t i v e l y .  C i s  i n c lu d e d  a s  a  c o r r e c t i o n  t o  t a k e  i n t o  a c c o u n t  t h e
i n t e r a c t i o n  o f  t h e  band w i th  a l l  o t h e r  b a n d s .  Hermann and W eisbuch
d e r i v e  an  u n e x p e c te d ly  s t r o n g  v a r i a t i o n  o f  E^ i n  I I I - V  com pounds. They
assum e t h a t  i n  a l l  I I I - V  compounds C h a s  t h e  same v a lu e  a s  i n  germanium
$
[ 9 ] ,  w here C, t h e  c o n t r i b u t i o n  o f  t h e  r em o te  bands  t o  m/m , i s  - 2 . 0 .  The
i n t e r a c t i o n  e n e rg y ,E p ,  was d e te rm in e d  from th e  m easu red  v a lu e s  o f  g and m .
Law aetz  [1 0 ]  r e l a t e s  t h e  m a t r ix  e le m e n ts  t o  t h e  l a t t i c e  c o n s t a n t  and
i o n i c i t y  and h i s  a p p ro a c h  w i l l  be d i s c u s s e d  i n  s e c t i o n  2 .  1 .3 -  In  t h e  
p r e s e n t  work t h e  e f f e c t i v e  mass d ep en d en ce  o f  t h e  e n e rg y  gap  i n  InP  and
GaAs h a s  been  s t u d i e d  ( c h a p t e r  5 )  th ro u g h  t h e  a p p l i c a t i o n  o f  h y d r o s t a t i c  
p r e s s u r e  i n  o r d e r  t o  e v a l u a t e  t h e  i n t e r b a n d  m a t r ix  e le m e n ts  and com pare 
w i th  t h e  r e s u l t s  o f  Lawaetz and Hermann and W eisbuch .
The e q u a t i o n s  2 .4  t o  2 . 6  d e s c r i b e  t h e  E v s .  k r e l a t i o n s h i p  f o r  t h e  
v a le n c e  ban d s  assum ing  t h a t  t h e s e  b a n d s  a r e  s p h e r i c a l l y  s y m m e t r i c a l .  
However, i n  r e a l i t y  t h e  v a le n c e  band i s  warped and i t s  s t r u c t u r e  i s  more 
complex th a n  t h a t  o f  t h e  c o n d u c t io n  b a n d .  D r e s s e l h a u s ,  Kip and K i t t e l  
(DKK) were t h e  f i r s t  t o  c o n s id e r  t h e  w a rp in g  o f  t h e  v a l e n c e  b a n d s  t o  
e v a l u t e  an  e x p r e s s io n  f o r  t h e  c a r r i e r  e n e rg y  dependence  on t h e  wave v e c t o r
f o r  t h e  v a l e n c e  ban d s  o f  Ge and S i  [ 1 1 ] .  Lax and M avro ides  [1 2 ]  r e w r o te  
t h e i r  e x p r e s s i o n  i n  t h e  f o l l o w in g  form [ 1 5 ] :
E (k)  = -  f h 2k 2/2ra) (A ± B*) ^ 1 -  <t>[(k^ky+k ^ +4 4 ) / k 4] +  . . . .  j
where
d> =q:Cd2/ [ 2 B , (A±B ’ )]
 ^ B’ = (B2+Cd2 / 6 )V2
A , B^ and a r e  t h e  p a r a m e te r s  w hich  were o r i g i n a l l y  i n t r o d u c e d  by DKK 
and th e y  d e te r m in e  th e  c u r v a t u r e  and th e  d e v i a t i o n  from  s p h e r i c i t y  o f  t h e  
v a le n c e  b a n d s .  The u p p e r  s i g n  i n  t h e  above  e q u a t i o n s  ( 2 .1 3  t o  2 .1 5 )  and 
th e  fo r th c o m in g  e q u a t i o n s  ( 2 .1 7  and 2 . 19) c o r r e s p o n d  to  t h e  l i g h t  h o l e  
b a n d .  The e q u a t i o n s  g iv e n  above r e d u c e  t o  a  q u a d r a t i c  d e p e n d en c e  o f  e n e rg y  
upon k when th e  amount o f  w a rp in g  becomes v a n i s h i n g l y  s m a l l  (C ^ -^ O ).  The 
DKK p a r a m e t e r s  A, B^ and a r e  r e l a t e d  t o  t h e  L u t t i n g e r  p a r a m e t e r s  [ 1 3 ] ,  
Y-j, Y^and Y3 , by t h e  f o l l o w in g  e x p r e s s i o n s  [ 1 4 ]  :
A = Y| Bd = 2 y 2 and  C2 = 12 ( y |  -  Y*> ( 2 .1 6 )
The l i g h t  and heavy  h o l e  ban d s  a r e  d e g e n e r a t e  a t  t h e  T  p o i n t .  The 
m a sse s  a r e  n o t  s c a l a r  and t h e  s p e c i f i c  v a lu e  t o  be  u s e d  i n  t h e  e q u a t i o n s  
d e s c r i b i n g  th e  e l e c t r i c a l  p r o p e r t i e s  d e p e n d s  on t h e  p a r t i c u l a r  p r o p e r t y  
b e in g  c o n s id e r e d  [ 1 2 ,1 5 ] .  The d e n s i t y - o f - s t a t e s  e f f e c t i v e  mass h a s  been  
d e f i n e d  by Lax and M avro ides  [1 2 ]  to  b e ,
i 2 3 4
mdn = [m/(A±B ) ] [ 1 + 0 .0 3 3 3 3 <f>n  + 0 .0 1 0 5 7 4 ^ - 0 .0 0 0 1 8 4 ^ - 0 .0 0 0 0 3 ^ + .  . ]  ( 2 .1 7 )
where n = l , h  c o r r e s p o n d s  t o  t h e  l i g h t  and heavy  h o l e  b a n d s  r e s p e c t i v e l y .  
S in c e  t h e  t o t a l  c a r r i e r  c o n c e n t r a t i o n  i s  p=p^+p ^ ? t h e  com bined
( 2 .1 3 )
( 2 .1 4 )
( 2 .1 5 )
density-of-states effective mass is given by,
3/2 3/2 3/2
d = md l  + mdh (2 . 18)
A n o th e r  ty p e  o f  e f f e c t i v e  mass i s  t h e  c o n d u c t i v i t y  e f f e c t i v e  mass
The e q u a t i o n s ,  2 .1 7  t o  2 .1 9 ,  w i l l  be  u se d  i n  c h a p t e r  3 t o  e v a l u a t e  t h e  
d e n s i t y  o f  s t a t e s  e f f e c t i v e  m ass and t h e  c o n d u c t i v i t y  e f f e c t i v e  m ass i n  
I I I - V  compounds and t h e i r  a l l o y s .
2 . 1 . 3  D i e l e c t r i c  t h e o r y  o f  t h e  c h e m ic a l  bond
I n  1962, Penn [1 6 ]  d e v e lo p e d  a s im p le  one gap m odel t o  t r e a t  t h e  
s t a t i c  e l e c t r o n i c  d i e l e c t r i c  c o n s t a n t ,  £ T h is  m ode l ,  c a l l e d  t h e  
d i e l e c t r i c  m odel ,  g i v e s  t h e  r e l a t i o n s h i p  be tw een  £q and  an a v e r a g e  band 
g a p ,  E The e x p r e s s io n  d e r i v e d  by Penn f o r  £ was l a t e r  m o d i f ie d  by Vano O
V e c h ten [1 7 ]  t o  t a k e  i n t o  a c c o u n t  t h e  e f f e c t  o f  d - c o r e  e l e c t r o n s  and i s  
g iv e n  by ,
a v e ra g e  e n e rg y  gap and can  be d e s c r i b e d  a s  t h e  e n e rg y  d i f f e r e n c e  b e tw een  
b o n d ing  and a n t ib o n d in g  o r b i t a l s .  The s t r u c t u r a l  p r o p e r t i e s  o f  a
d e f i n e d  from th e  r e l a t i o n ,  ct= pe2 < T > /m c n . F o r  t h e  warped b a n d s  i t  h a s  
been  c a l c u l a t e d  to  be [ 12 ]
mcn = [m/( A±B *) ] [ 1 + 0 .0 3 3 3 3 4 ^ - 0 .0 2 5 6 6 ^ - 0 .  (XD095<f£+0.0 0 111< f£+ .. .]  ( 2 .1 9 )
( 2 . 2 0 )
where
B1 = E /l tE f
and and  w p a r e  t h e  Ferm i e n e rg y  and th e  f r e e - e l e c t r o n - p l a s m a  f r e q u e n c y  
r e s p e c t i v e l y .  The f a c t o r  D i s  a  c o r r e c t i o n  f o r  d c o r e  e f f e c t s .  E i s  an
O
s e m ic o n d u c to r  a r e  m o s t ly  i n f l u e n c e d  by t h i s  a v e ra g e  e n e rg y  g a p .  P h i l l i p s  
[ 1 8 ]  h a s  s u g g e s t e d  t h a t  i n  a  p o l a r  s e m ic o n d u c to r ,  E can  be s e p a r a t e d  i n t o  
hom opolar and h e t e r o p o l a r  p a r t s ,  Eh and Ci  r e s p e c t i v e l y .  Eh and C± m easu re  
t h e  a v e ra g e  e n e rg y  gaps  due t o  c o v a l e n t  and i o n i c  e f f e c t s .  The t o t a l  
a v e ra g e  e n e rg y  gap i s  t h e n  g iv e n  by
Eg =
2 2
Eh + C!
1/2
( 2 . 2 1 )
P h i l l i p s  d e f i n e s  t h e  f r a c t i o n  o f  i o n i c  and c o v a l e n t  c h a r a c t e r  o f  a  bond , f ^  
and f c t h e  f o l l o w in g  e x p r e s s i o n s .
h  = C?/Eg2 ; f c = E2/E g2 ( 2 .2 2 )
I n  group  IV s e m ic o n d u c to r s  t h e  b o n d ing  i s  p u r e l y  c o v a l e n t  and hence  E_=Eh .
O
I t  i s  assumed t h a t  E^ s c a l e s  w i th  t h e  l a t t i c e  c o n s t a n t , a , a c c o r d in g  to  some 
power v ,  so  t h a t  [1 9 ]
Eh = ( 4 .7 7  eV) ( a / a s i ) V ( 2 .2 3 )
where t h e  c o n s t a n t  4 .7 7  c o r r e s p o n d s  t o  t h e  a v e r a g e  e n e rg y  gap o f  S i  and  th e  
v a lu e  o f  v= - 2 .4 8  was deduced  from  th e  v a l u e s  o f  E i n  s i l i c o n  and  d iam ond .O
a • i s  t h e  l a t t i c e  c o n s t a n t  o f  s i l i c o n .  In  S i  and diamond t h e r e  a r e  nob l
d - e l e c t r o n s  and D=1. For  o t h e r  compounds w i th  d - e l e c t r o n s ,  Van V ech ten  h a s  
s u g g e s t e d  a  s im p le  way t o  deduce  D, a c c o r d in g  to  w hich  D=1 f o r  rows up t o  
and i n c l u d i n g  s i l i c o n ,  D=1.25  f o r  t h e  row c o n t a i n i n g  Ge and D=1.46 f o r  t h e  
row c o n t a i n i n g  t i n .  F o r  skew compounds D i s  g iv e n  by ,
Dav = ( VaDa+vlA >/8  ( 2 - 2lt)
where V& arKj a r e  t h e  v a l e n c i e s  o f  t h e  two a tom s and D& and a r e  t h e  D 
v a l u e s  o f  t h e  c o n s t i t u e n t  a to m s .  Knowing th e  v a l u e s  o f  D and E^, c a n  be 
c a l c u l a t e d  f o r  any  h e t e r o p o l a r  compound u s in g  th e  m easu red  v a l u e s  o f  £Q and 
e q u a t i o n s  2 .2 0  and 2 .2 1 .  The i o n i z a t i o n  p o t e n t i a l , I ,  was found  to  f o l l o w  
th e  r e l a t i o n  [ 2 0 ] ,
where
I h = I f j (S i )  ( a / a s i ) - 1 - 3077 and I h ( S i )  = 5 .1 7  eV ( 2 .2 6 )
The r e s u l t s  o f  t h e  d i e l e c t r i c  model [2 0 ]  f o r  c a l c u l a t i n g  th e  d i r e c t  
i n t e r b a n d  t r a n s i t i o n  e n e r g i e s  ,Eq and eJ ,  a r e  sum m arised  i n  t h e  f o l l o w in g  
p a r a g r a p h s .
(1 )  The d i r e c t  e n e rg y  g a p ,  EQ, i n  t h e  p r e s e n c e  o f  d - s t a t e  
p e r t u r b a t i o n  i s  g iv e n  by
Eo = [£o h -  [ 1 + C ^ /E ^ ]  ( 2 . 2 7 )
where
Eoh= (H.10 eV) ( a / a s i ) - 2 - 75 and A E ,= (1 2 .8 0  eV) ( a / a s l ) - 5 - 07
(2 )  The E^ gap be tw een  and r5V s t a t e s  c an  be w r i t t e n  a s  [ 1 0 ] ,
Eo = <Eoh+ c f ) 1 /2  ( 2 .2 9 )
where
E^h = (3 .4 0  eV) ( a / a s i ) “ 1 *92 and  C± = 1 .2 5  C± ( 2 . 3 0 )
The s p i n - o r b i t  s p l i t t i n g  A* o f  t h e  f^c s t a t e s  i s  t a k e n  t o  be  0 . 6 4 A ,  w here  
A i s  t h e  s p i n - o r b i t  s p l i t t i n g  o f  t h e  f v^ s t a t e s .  These p r e s c r i p t i o n s  and
e q u a t i o n  2 .2 5 ,  w i l l  e n a b le  one t o  c a l c u l a t e  t h e  a b s o l u t e  p o s i t i o n s  o f
d i f f e r e n t  e x tre m a  i n  t h e  band s t r u c t u r e .
The two p o s t u l a t e s  d i s c u s s e d  above g i v e  t h e  e n e rg y  g a p s  t h a t  a r e
n eed ed  to  e v a l u a t e  t h e  e f f e c t i v e  mass v a l u e s  a t  t h e  f" p o i n t ,  w i t h i n  t h e  
fram ew ork  o f  a  f i v e  band k.]3 m odel .  The o n ly  o t h e r  p a r a m e t e r s  n ee d ed  a r e  
t h e  i n t e r b a n d  m a t r ix  e l e m e n t s .  Lawaetz  [ 1 0 ]  has  d e v e lo p e d  a  s e m i e m p i r i c a l  
model to  e v a l u a t e  t h e s e  m a t r ix  e l e m e n t s .  Law aetz  c o n s i d e r s  a  m u l t ib a n d
(more th a n  5 bands)  a p p ro a c h  t o  c a l c u l a t e  t h e  c o n d u c t io n  band and t h e
v a le n c e  band e f f e c t i v e  m a s s e s .  In  t h i s  a p p ro a c h ,  t h e  L u t t i n g e r  p a r a m e te r s  
[1 3 ]  a r e  g iv e n  by [ 1 0 ] ,
Y| = - ( 1 / 3 )  (F+2G+2Hl+2H2 ) - 1 + ( 1 / 2 ) q  ( 2 .3 1 )
Y2 = - ( 1 / 6 )  (F+2G-H1-H2 ) - ( 1 / 2 ) q  ( 2 .3 2 )
Y3 = - ( 1 / 6 )  (F-G+Hl -H2 ) + ( 1 / 2 ) q  ( 2 .3 3 )
where F and a r e  t h e  te rm s  due t o  t h e  i n t e r a c t i o n  o f  t h e  v a le n c e  band 
w i th  t h e  l o w e s t  c o n d u c t io n  band f"1c> and th e  n e x t  n e a r e s t  c o n d u c t io n
b a n d , r 5C* F and H-| can be w r i t t e n  i n  te rm s  o f  t h e  e n e rg y  s e p a r a t i o n  
be tw een  t h e  b a n d s  and th e  c o r r e s p o n d in g  i n t e r b a n d  i n t e r a c t i o n  e n e r g i e s  a s
 ^ F = - V Eo ; Hr - V Eo (2-3l,)
where i s  g iv e n  by e q u a t i o n  2 .1 0  and E^ i s  d e f i n e d  a s  f o l l o w s :
E" = (2/m) |<u(r5V)lPy | u ( ^ c )>|  ( 2 .3 5 )
The s p in  s p l i t t i n g  o f  t h e  r 5C s t a t e s  y i e l d s  t h e  p a r a m e t e r , q , g iv e n  by
q = ( - 2 / 9  )H1 A /E q ( 2 . 3 6 )
The o t h e r  two p a r a m e te r s  G and  H2 i n e q u a t i o n s  2 .31 t o  2 .3 3  a r e  due t o  t h e  
i n t e r a c t i o n  o f  band w i th  s t i l l  h i g h e r - l y i n g  b a n d s  and  a r e  r e l a t i v e l y  
s m a l l .  Lawaetz c o n s i d e r s  t h e  combined e f f e c t  o f  i o n i c i t y ,  d - c o r e  s t a t e s  
and l a t t i c e  c o n s t a n t  on t h e  i n t e r a c t i o n  e n e rg y  E^ and w r i t e s
where
E p  =  E p ( s i )  8  [ p + ( 1 - p )  z’] 
8 =  [ 1 + c C ( D - 1 ) ]  ( a s i / a )
( 2 .3 7 )
(2 . 38 )
Z * = (Eo+Eo h ) /2 E o (2 -3 9 )
and
E ( s i )  = 2 1 .6  eV ; <*=1 .23
P i s  a  m a tc h in g  p a ra m e te r  w hich  i s  e q u a l  to  1 f o r  horaopolar compounds. In  
h e t e r o p o l a r  compounds p i s  e q u a l  to  z e ro  f o r  no d - e l e c t r o n s  and 0 .5  
o t h e r w i s e .  f ^ G  and a r e  a l l  n o r m a l i s e d  t o  t h e i r  v a l u e s  i n  s i l i c o n  and 
a r e  g iv e n  by
h2= ( - 0 .1 9  eV) z '6  , G = ( - 0 .7 5  eV) z '5  ( 2 .4 0 )
and
E "  = ( 1 4 .4  e V ) 5  , ( 2 . 4 1 )
The e q u a t i o n s  ( 2 .3 1 )  t o  ( 2 .4 1 )  e n a b le  us t o  c a l c u l a t e  t h e  L u t t i n g e r  
p a r a m e t e r s ,  w hich  can  th e n  be u se d  in  e q u a t i o n s  ( 2 .1 4 )  t o  ( 2 . 1 9 )  to  
c a l c u l a t e  v a r i o u s  v a le n c e  band e f f e c t i v e  m a s s e s .  In  t h e  p r e s e n t  work, 
L a w a e tz ’ s  a p p ro a c h  h a s  been  u se d  to  c a l c u l a t e  t h e  e f f e c t i v e  m asse s  and  
t h e i r  p r e s s u r e  d e p e n d en c e .  These r e s u l t s  a r e  compared w i th  t h e  
e x p e r i m e n t a l l y  d e te rm in e d  v a lu e s  o f  t h e  e f f e c t i v e  m a s s e s .
2 .2  T em p era tu re  dependence  o f  e n e rg y  g aps
The band gaps  i n  s e m ic o n d u c to r s  d e c r e a s e  w i th  i n c r e a s i n g  t e m p e r a t u r e .  
T h is  change  i s  v e r y  i m p o r ta n t  o v e r  t h e  r a n g e  o f  m ost e x p e r im e n t s  and  
a p p l i c a t i o n s .  There  a r e  two main c a u s e s  o f  t h e  t e m p e r a t u r e  d e p e n d e n c e ,  
(§ E0 /5 T )y  p a t  c o n s t a n t  volum e,V  o r  p r e s s u r e , P  o f  t h e  e n e rg y  g a p .  The two 
a r e  c o n n e c te d  th e rm o d y n a m ic a l ly  t o  t h e  m easu red  t e m p e r a t u r e  c o e f f i c i e n t  by
I
t h e  r e l a t i o n  [2 1 ]
dEQ/d T  = ( 5E0 /  5 T )V + ( 6 E q /  6 T ) p ( 2 .4 2 )
w here  t h e  f i r s t  te rm  i s  t h e  c o n s t a n t  volume change  i n  t h e  e n e rg y  gap c a u se d  
by th e  e l e c t r o n - p h o n o n  i n t e r a c t i o n .  As t h e  phonon p o p u l a t i o n  i n c r e a s e s  
w i th  r i s i n g  t e m p e ra tu re  t h i s  i n t e r a c t i o n  becomes s t r o n g e r ,  l e a d i n g  to  a 
t e m p e r a t u r e  dependence  o f  t h e  e n e rg y  g a p .  Band gaps  a r e  a l s o  f u n c t i o n s  o f  
l a t t i c e  s p a c in g  and hence  th e  th e r m a l  e x p a n s io n  o f  t h e  l a t t i c e  p r o d u c e s  a  
ch an g e  i n  t h e  gap w hich  i s  o f t e n  c a l l e d  t h e  d i l a t i o n  c o n t r i b u t i o n .  T h is  i s  
t h e  se co n d  te rm  i n  t h e  above  e q u a t i o n  and c an  be c a l c u l a t e d  a s  f o l l o w s  
[ 2 1 ]:
( 5E /  5 T )p = ( 6 V /  5 T )P ( 6 P /  SV)T ( 6 E n /  6 P ) T
( 2 .4 3 )
= -  ( 6Eq /  6 P )t pt h / K
H ere  P th  and K a r e  t h e  volume e x p a n s io n  c o e f f i c i e n t  and th e
c o m p r e s s i b i l i t y  r e s p e c t i v e l y .  In  a  t y p i c a l  I I I - V  s e m ic o n d u c to r  6 Eq/ 5P = 1 0  
m eV/kbar , pfch = 15x10” ^/C and K= 1 .5 x 1 0 ” ^ b a r -1 w hich  g i v e s  (6Eo / 5 T ) p = 
-1.0x10*"^ eV/K. T h is  i s  l e s s  t h a n  one t h i r d  o f  t h e  e x p e r i m e n t a l l y  o b s e rv e d  
v a r i a t i o n  o f  ~ 4 x 1 0 ” ^eV/K. So t h e r e  i s  a  s t r o n g  c o n t r i b u t i o n  from  th e  
e l e c t r o n - p h o n o n  i n t e r a c t i o n s .
2 .3  E f f e c t  o f  h y d r o s t a t i c  p r e s s u r e  on t h e  band s t r u c t u r e
The e f f e c t  o f  h y d r o s t a t i c  p r e s s u r e  on a  s e m ic o n d u c to r  i s  t o  d e c r e a s e  
t h e  l a t t i c e  p a ra m e te r  w i th o u t  c h a n g in g  th e  symm etry o f  t h e  c r y s t a l .  I t  i s  
known t h a t  f o r  many group  IV s e m ic o n d u c to r s  t h e  s t a t i c  d i e l e c t r i c  c o n s t a n t  
d e c r e a s e s  w i th  i n c r e a s i n g  p r e s s u r e  [ 1 7 ] , i n d i c a t i n g  t h a t  t h e  a v e r a g e  band 
g a P» Eg ,  i n  e q u a t i o n  2 .2 0  i n c r e a s e s  w i th  p r e s s u r e .  A s i m p l e ,  i f  n o t  
c o m p le te ,  e x p l a n a t i o n  i s  t h a t  t h e  i n c r e a s i n g  s e p a r a t i o n  o f  t h e  b o n d in g  and 
a n t i b o n d in g  o r b i t a l s  i s  c a u se d  by t h e  i n c r e a s e d  i n t e r a c t i o n  be tw een  t h e  
a to m ic  o r b i t a l s .  The e x p e r im e n ta l  o b s e r v a t i o n s  show t h a t  t h e  p r e s s u r e  
c o e f f i c i e n t  o f  t h e  e n e rg y  d i f f e r e n c e  b e tw een  t h e  two s t a t e s  o f  a  g iv e n
symm etry i s  v e r y  s i m i l a r  i n  m ost o f  t h e  s e m ic o n d u c to r s  [ 2 2 ] .  However t h e  
p r e s s u r e  c o e f f i c i e n t  o f  t h e  e n e rg y  gap s  a t  d i f f e r e n t  p o i n t s  i n  t h e  
B r i l l o u i n  zone c o u ld  be v e r y  d i f f e r e n t  [ 2 3 ] .  Thus f o r  exam p le ,  t h e  
p r e s s u r e  c o e f f i c i e n t  o f  t h e  EQ gap i n  m ost o f  t h e  s e m ic o n d u c to r s  i s ~ 10 
m e V /k b a r ,w h i le  t h a t  o f  t h e  E1 gap i s ~ 5  m eV /kbar.
The fo rm u la e  g iv e n  i n  s e c t i o n  2 . 1 . 3 , d e r i v e d  from t h e  d i e l e c t r i c  model 
(DM ), f o r  t h e  c a l c u l a t i o n  o f  t h e  i n t e r b a n d  t r a n s i t i o n  e n e r g i e s  a r e  g e n e r a l  
and h o ld  f o r  a r b i t r a r y  l a t t i c e  c o n s t a n t s ,  a tm o s p h e r i c  o r  c o m p re s se d .  S in c e  
t h e  band g aps  a r e  i n v e r s e l y  p r o p o r t i o n a l  to  th e  l a t t i c e  c o n s t a n t , i t  i s  
e a s i l y  s e e n  t h a t  t h e y  i n c r e a s e  w i th  p r e s s u r e .  However, t h e  c o m p re s s io n  o f  
t h e  l a t t i c e  c o u ld  a l s o  l e a d  t o  c h a n g e s  i n  i o n i c i t y .  Van V ech ten  [ 1 7 ]  
a r g u e s  t h a t  i n  i o n i c  c r y s t a l s  ( r /C L )  (dCi /d P )= 0 .  T h is  i m p l i e s  t h a t  t h e  
c o n d i t i o n  t h a t  t h e  t o t a l  e n e rg y  be a  minimum,which d e te r m i n e s  t h e  
e q u l i b r iu m  l a t t i c e  c o n s t a n t ,  i s  e q u i v a l e n t  t o  t h e  c o n d i t i o n  t h a t  t h e  mean 
i o n i c  p o t e n t i a l  CL be a  maximum. S o ,a s  a  s im p le  e x t r a p o l a t i o n  dCL/dP=0 was 
assum ed i n  p o l a r  s e m ic o n d u c to r s  [ 2 3 ] .  W ith t h i s  a s s u m p t io n  and  th e  
know ledge o f  c o m p r e s s i b i l i t y ,  one can  c a l c u l a t e  t h e  p r e s s u r e  c o e f f i c i e n t  o f  
v a r i o u s  e n e rg y  gaps  e x c e p t  t h o s e  w hich  i n v o lv e  a  d - c o r e  c o r r e c t i o n  
f a c t o r , D  Van V e c h te n f s  model d o e s  n o t  i n c l u d e  t h e  v a r i a t i o n  o f  D_„ w i thctv  a v
l a t t i c e  c o n s t a n t  and i t  i s  n o t  p o s s i b l e  t o  e v a l u a t e  i t s  change  w i th  
p r e s s u r e  d i r e c t l y .  However, Camphausen e t  a l  [2 3 ]  s u g g e s t e d  a  way t o  
c a l c u l a t e  dD /d P .  They w r i t e
c iv
Da v -1  = dy  Ra ( 1 - f \ ) x  ( 2 . M )
where i s  a  p a ra m e te r  assumed to  be volume in d e p e n d e n t  and x and y a r e  
r e g a r d e d  a s  a d j u s t a b l e  t o  f i t  t h e  p r e s s u r e  c o e f f i c i e n t s .  Camphausen e t  a l  
found t h a t  y=13 and x = 2 .4  gave a good f i t  t o  t h e  p r e s s u r e  c o e f f i c i e n t ,  
dEQ/d P ,  o f  Ge. The c a l c u l a t e d  p r e s s u r e  c o e f f i c i e n t s  o f  v a r i o u s  band g a p s  
a r e  i n  r e a s o n a b l e  r c a a o n a b lc  a g re e m e n t  w i th  t h e  e x p e r i m e n t a l  r e s u l t s ,  f o r
most o f  t h e  I I I - V ,  I I - V I  and g roup  IV s e m ic o n d u c to r s .  A l i s t  o f  s i m p l i f i e d  
fo rm u la e ,  to  c a l c u l a t e  t h e  p r e s s u r e  c o e f f i c i e n t s  o f  i n t e r b a n d  t r a n s i t i o n  
e n e r g i e s  u s in g  DM a r e  g iv e n  i n  a p p e n d ix  1. E m p ir ic a l  p s e u d o p o t e n t i a l  
m ethods  have  a l s o  been  u sed  to  p r e d i c t  t h e  p r e s s u r e  c o e f f i c i e n t s  [2 4 ]  and 
t h e s e  a r e  i n  g e n e r a l  i n  good ag re e m e n t  w i th  t h e  m easu red  v a l u e s  and  a l s o  
w i th  t h e  v a l u e s  c a l c u l a t e d  from DM.
In  t h i s  work, t h e  p r e s s u r e  d ep en d en ce  o f  t h e  d i r e c t  band  gap i n  GaAs
and InP i s  m easu red  and compared w i th  o t h e r  r e s u l t s  ( c h a p t e r  5 ) .  The
c o m p o s i t io n  dependence  o f  t h e  dEQ/ d P  i n  (G aIn )(A sP )  a l l o y s  h a s  been  
c a l c u l a t e d  from  th e  DM and compared w i th  t h e  m easu red  v a l u e s  i n  c h a p t e r  6 .
2 .4  E f f e c t  o f  m a g n e t ic  f i e l d  on t h e  band s t r u c t u r e
2 . 4 . 1  E nergy  b a n d s  i n  a  m a g n e t ic  f i e l d
The e n e rg y  l e v e l s  i n  a  s e m ic o n d u c to r  a r e  f u r t h e r  q u a n t i s e d  by m a g n e t ic  
f i e l d s .  These q u a n t i s e d  l e v e l s  a r e  c a l l e d  Landau l e v e l s .  The a p p l i c a t i o n
o f  a  m a g n e t ic  f i e l d ,  B, i n  a  p a r t i c u l a r  d i r e c t i o n , z , l e a v e s  t h e  m o tio n  o f
th e  e l e c t r o n  i n  t h a t  d i r e c t i o n  u n a f f e c t e d , b u t  t h e  m o tio n  com ponen ts  i n  t h e  
t r a n s v e r s e  d i r e c t i o n  (xy  p l a n e )  r e s u l t  i n  a  p e r i o d i c  c i r c u l a r  m o t io n  w i th  
an a n g u l a r  f r e q u e n c y :
C0C = eB/m* ( 2 .4 5 )
where u>c i s  t h e  c y c l o t r o n  f r e q u e n c y .  The e n e rg y  e i g e n v a l u e s  f o r  t h e  
c o n d u c t io n  e l e c t r o n s  i n  a  m a g n e t ic  f i e l d  f o r  a  s p h e r i c a l  p a r a b o l i c  band  a r e  
g iv e n  by [2 5 ]
El,k ,± =  EQ+(ti2k2/2m*) + (1+1/2) tw c ±  ( 1/ 2 ) g* HbB ; 1=0, 1 , 2 , . . .  (2.46)
Here t h e  second te rra  i s  t h e  t r a n s l a t i o n a l  e n e rg y  a lo n g  th e  d i r e c t i o n  o f  t h e  
m a g n e t ic  f i e l d  and kz i s  t h e  wave v e c t o r  a lo n g  t h a t  d i r e c t i o n .  The third 
te rm  i s  t h e  q u a n t i s e d  e n e rg y  o f  t h e  c y c l o t r o n  m o tio n  i n  t h e  p l a n e  norm al to  
th e  f i e l d .  The e f f e c t  o f  s p i n  i s  t o  i n t r o d u c e  a  te rm  ± ( 1 / 2 ) g  HbB t o  t h e  
e n e rg y  f o r  t h e  Landau l e v e l s  w here Mb i s  t h e  Bohr m agne ton .T he  d e n s i t y  o f  
s t a t e s  f o r  e l e c t r o n s  i n  a  c o n d u c t io n  band e x p e r i e n c i n g  a  m a g n e t ic  f i e l d  i s  
o f  t h e  form [ 2 6 ] ,
1
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Z -1 /2[ E -  (1+ 1 /2+  v/2)Tiwc ] ( 2 .4 7 )
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where v=m g /2m. The d e n s i t y  o f  s t a t e s  i s  a  sum o f  a  s e r i e s  o f  one
1 / 2d im e n s io n a l  d e n s i t i e s  o f  s t a t e s  p r o p o r t i o n a l  to  E '  . The i n f i n i t y  i n  t h e  
d e n s i t y  o f  s t a t e s  a t  t h e  bo t tom  o f  e a c h  Landau s u b -b a n d  a s  p r e d i c t e d  by 
e q u a t i o n  2 .4 7  i s  removed i n  r e a l i t y  by t h e  e l e c t r o n  s c a t t e r i n g  p r o c e s s e s .
The s im p le  e n e rg y  ban d s  and t h e  d e n s i t y  o f  s t a t e s  f o r  e l e c t r o n s  i n  t h e  
p r e s e n c e  o f  a  m a g n e t ic  f i e l d  a r e  shown i n  f i g u r e  2 .2 .  The m a g n e t ic  f i e l d  
r a i s e s  t h e  bo t tom  o f  t h e  c o n d u c t io n  band and th e  v a le n c e  band i s  lo w e re d ,  
r e s u l t i n g  in  an  i n c r e a s e  o f  t h e  band g a p .  At kz=o ,  t h e  Landau l e v e l s  a r e  
s e p a r a t e d  by an e n e rg y  nfcc^.
2 . 4 . 2  M agnetophonon e f f e c t
S in c e  t h e r e  i s  a  l a r g e  d e n s i t y - o f - s t a t e s  r e g i o n  n e a r  t h e  b o t to m  o f  
e a c h  Landau l e v e l ,  t h e  p r o b a b i l i t y  p e r  u n i t  t im e  f o r  s c a t t e r i n g  a  c a r r i e r  
i n t o  t h e s e  r e g i o n s  i s  v e r y  h i g h .  The m agnetophonon r e s o n a n c e s  a r e  c a u s e d  
by th e  r e s o n a n t  s c a t t e r i n g  o f  e l e c t r o n s  be tw een  t h e  Landau l e v e l s  by  t h e  L0

p h o n o n s .  F o r  p a r a b o l i c  b a n d s ,  t h i s  r e s o n a n c e  c o n d i t i o n  i s  [2 7 ]
N wc = w l  J N = 1 , 2 , 3 ..........  ( 2 .4 8 )
where i s  t h e  LO phonon f r e q u e n c y .  These r e s o n a n c e s  g iv e  r i s e  t o  an
o s c i l l a t o r y  s t r u c t u r e  o f  t h e  t r a n s v e r s e  m a g n e t o r e s i s t a n c e  n e a r l y  p e r i o d i c
i n  1/B. The Landau l e v e l s  m ust be  s h a r p  i n  o r d e r  t o  o b s e r v e  t h e s e
o s c i l l a t o r y  e f f e c t s .  The e n e rg y  su b b a n d s  c an  be b ro a d e n e d  due t o
i m p e r f e c t i o n s  l i k e  th e rm a l  v i b r a t i o n s  and i m p u r i t i e s .  F o r  s t r o n g
m a g n e t o - t r a n s p o r t  e f f e c t s  i t  i s  r e q u i r e d  t h a t  t h e  s e p a r a t i o n  be tw een  th e
Landau l e v e l s / h u ^ j b e  g r e a t e r  t h a n  t h e  e n e rg y  b r o a d e n in g  due t o  th e
u n c e r t a i n t y  p r in c ip le ,* fe (  1 / T ) , i . e .  w here  "T i s  t h e  r e l a x a t i o n
t i m e .  T h is  c o n d i t i o n  i s  e q u i v a l e n t  t o  KB>1, where i s  t h e  c a r r i e r
m o b i l i t y .  F o r  a  t y p i c a l l y  a t t a i n a b l e  f i e l d  o f  1 T e s l a ,  t h i s  c o n d i t i o n
4 ?demands | i> 1 0 nc n f W s e c ,  w hich  i s  a  r e l a t i v e l y  h ig h  m o b i l i t y .  So, i n
g e n e r a l ,  m a g n e t o - t r a n s p o r t  e x p e r im e n t s  m ust be p e rfo rm e d  a t  low
t e m p e r a t u r e s ,  i n  h ig h  m a g n e t ic  f i e l d s  and i n  v e r y  p u re  m a t e r i a l s .  A lso ,
f o r  t h e  m agnetophonon e f f e c t  , t h e  s c a t t e r i n g  by LO phonons s h o u ld  make a
s i g n i f i c a n t  c o n t r i b u t i o n  t o  l i m i t i n g  th e  m o b i l i t y .  These f a c t o r s  g i v e  r i s e  
t o  t h e  t e m p e r a tu r e  dependence  o f  t h e  a m p l i t u d e  o f  t h e  o s c i l l a t i o n s .  At low
t e m p e r a t u r e s ,  t h e  p o p u l a t i o n  o f  LO phonons  f a l l s  o f f  and  phonon s c a t t e r i n g
i s  no l o n g e r  i m p o r ta n t  and a t  h ig h  t e m p e r a t u r e  t h e r m a l  b r o a d e n in g  o f  t h e  
Landau l e v e l s  r e d u c e s  t h e  a m p l i t u d e  o f  t h e  o s c i l l a t i o n s .  So, t h e r e  i s  an  
optimum te m p e r a tu r e  f o r  t h e  o b s e r v a t i o n  o f  t h e s e  o s c i l l a t i o n s ,  w h ich  i s
t y p i c a l l y  8 0 -1 50K. However, i n  v e r y  h ig h  p u r i t y  n - ty p e  m a t e r i a l s  w i th  low
c a r r i e r  c o n c e n t r a t i o n s  i t  i s  p o s s i b l e  t o  o b s e r v e  t h e s e  o s c i l l a t i o n s  a t  much
h i g h e r  t e m p e r a t u r e s  a s  w i l l  be e v i d e n t  from  th e  r e s u l t s  p r e s e n t e d  in
c h a p t e r s  5 and 6 .
2 . 4 . 3 *  C onduc t ion  band e f f e c t i v e  mass
The o s c i l l a t i o n s  i n  t r a n s v e r s e  m a g n e t o r e s i s t a n c e  can  be u se d  to  d e r i v e  
t h e  band edge  e f f e c t i v e  mass o r  t h e  ’ b a r e ’ m ass .  From e q u a t i o n  2 .4 5 ,  we 
can  w r i t e
mph = N e B /w 1 ; N = 1 , 2 , 3 ..........  ( 2 .4 9 )
where mp^ i s  t h e  e l e c t r o n  e f f e c t i v e  mass d e r i v e d  from  th e  m agnetophonon 
e f f e c t ,  a ssum ing  a p a r a b o l i c  c o n d u c t io n  b an d .H o w ev er , i t  i s  n e c e s s a r y  t o  
c o r r e c t  t h i s  mass f o r  t h e  n o n p a r a b o l i c i t y  o f  t h e  c o n d u c t io n  band a s  
d e s c r i b e d  by S t r a d l i n g  and Wood [ 2 8 ] .  The e f f e c t i v e  m ass,m p h , w i l l  be  
h i g h e r  t h a n  t h e  e f f e c t i v e  mass a t  t h e  b o t to m  o f  t h e  c o n d u c t io n  band a s  t h e  
magnetophonon t r a n s i t i o n s  a r e  be tw een  s t a t e s  s e p a r a t e d  by t h e  e n e rg y  o f  t h e  
o p t i c a l  phonon. A s i m p l i f i e d  fo rm u la  f o r  t h e  n o n p a r a b o l i c i t y  c o r r e c t i o n  i s  
d e r i v e d  i n  a p p e n d ix  2 .  In  t h e  low f i e l d  l i m i t ,  i g n o r i n g  th e  e f f e c t  o f  s p i n  
and w i th  hwc / k T « 1 ,  we have  [2 9 ]
K2 / 2kBT l \
1 + —  ------ + 1 + -  I h u 1 ( 2 .5 0 )
Eo ' h w l  N/
w here i s  t h e  c o n s t a n t  d e f i n e d  i n  s e c t i o n  2 . 1 . 2 .  In  GaAs, a t  0 °K, t h e  
c o r r e c t i o n  te rm  would be 2.6/6 f o r  N=3 p e a k  and  2.3/6 f o r  N=6 p e a k .  But a t  
300K ,the  c o r r e c t i o n  f o r  t h e s e  two p eak s  would be  c l o s e  t o  4 . 9 $ .  T h is  
i n c r e a s e  i n  c o r r e c t i o n  w i th  t e m p e r a t u r e  i s  due t o  t h e  t h e r m a l  e x c i t a t i o n  o f  
c a r r i e r s  i n t o  h i g h e r  Landau l e v e l s .  In  o r d e r  t o  o b t a i n  t h e  band edge  
e f f e c t i v e  m ass ,  so  t h a t  co m p a r iso n  w i th  t h e o r y  can  be made, t h e  
m agnetophonon mass m ust be c o r r e c t e d  f u r t h e r  f o r  t h e  p o l a r o n  e f f e c t  [ 3 0 ] .  
The p o la r o n  enhancem ent c o r r e c t i o n  can  be a p p l i e d  by u s in g  t h e  f o l l o w i n g  
e x p r e s s io n  [ 3 1 ,3 2 ] ,
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w here oc^ j[s  t h e  F r o h l i c h  c o u p l i n g  c o n s t a n t .
2 .5  Band s t r u c t u r e  o f  I I I - V  s e m ic o n d u c to r  a l l o y s
2 . 5 . 1  I n t r o d u c t i o n
The o p t i c a l  and e l e c t r i c a l  p r o p e r t i e s  o f  s e v e r a l  I I I - V  s e m ic o n d u c to r  
a l l o y  s y s te m s  h a s  been  s t u d i e d  e x t e n s i v e l y .  The o p t i c a l  band g a p ,  Eq , i n  
m ost o f  t h e  t e r n a r y  a l l o y  sys tem s,A B x c 1_x ,h a s  an  a p p r o x im a te ly  q u a d r a t i c  
dependence  on t h e  m ole f r a c t i o n , x  and i s  g iv e n  by
Eq ( x ) = a+gx+bx^ ( 2 .5 2 )
The c o e f f i c i e n t  o f  x ^ , b , i s  o f t e n  c a l l e d  t h e  bowing p a r a m e t e r .  The lo w e s t  
band gap o f  t h e  a l l o y  sy s tem  i s  u s u a l l y  s m a l l e r  th a n  t h e  c o n c e n t r a t i o n  
w e ig h te d  a v e ra g e  o f  t h e  band gap s  o f  t h e  c o n s t i t u e n t  b i n a r y  s e m i c o n d u c t o r s .  
T h is  can  be s e e n  i n  f i g u r e  2 . 3 ( a ) ,w h i c h  shows t h e  c o m p o s i t io n  d e p e n d en c e  o f  
t h e  o p t i c a l  band gap [3 3 ]  i n  In  Sb.|_xAsx . S i m i l a r  n o n l i n e a r  b e h a v io u r  i s  a l s o  
o b s e rv e d  i n  t h e  c o m p o s i t io n  dependence  o f  t h e  c o n d u c t io n  band e f f e c t i v e  
mass [ 3 3 ] ,  a s  can  be  s e e n  from f i g u r e  2 .3 ( b )  f o r  InS b . As a l l o y  s y s te m .I ™X X
These bowing e f f e c t s  a r e  b e l i e v e d  to  be  c a u s e d  by t h e  a l l o y  d i s o r d e r .  Here 
a s im p le  m ethod g iv e n  by Van V ech ten  and B e r g s t r e s s e r  [3 4 ]  and  B e ro lo  e t  a l  
[ 3 3 ] ,  t o  c a l c u l a t e  t h e  band p a r a m e t e r s  f o r  a l l o y  s e m ic o n d u c to r s  i s  
p r e s e n t e d .  S e v e r a l  o t h e r  a p p ro a c h e s  i n c l u d i n g  th e  k .p  t h e o r y  a r e  r e f e r r e d  
t o  b r i e f l y .
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2.5.2 Variation of band gap with composition
The v i r t u a l  c r y s t a l  a p p ro x im a t io n  (VCA) i s  t h e  b a s i s  f o r  m ost o f  t h e  
a l l o y  band s t r u c t u r e  c a l c u l a t i o n s .  The VCA assum es p e r f e c t  c r y s t a l  l a t t i c e  
w i th  c o m p o s i t i o n a l l y  a v e ra g e d  a to m ic  p o t e n t i a l s  a t  e a c h  l a t t i c e  s i t e .  In  
t h e  VCA th e  c h e m ic a l  s t r u c t u r e  and i d e n t i t i e s  o f  t h e  i n d i v i d u a l  a l l o y e d  
e le m e n ts  and bonds a r e  i g n o r e d .  The l a t t i c e  c o n s t a n t  i s  assum ed to  f o l l o w  
V eg a rd f s law  and a s i n g l e  a v e ra g e  bond l e n g t h  i s  assumed f o r  t h e  AB,AC 
bonds  i n  an  a l l o y  o f  t h e  ty p e  A B ^ c ^ .  Van V ech ten  and B e r g s t r e s s e r  (VV-B) 
assume [3 4 ]  i n  t h e  s p i r i t  o f  t h e  VCA, t h a t  t h e  p a r a m e te r s  o f  t h e  d i e l e c t r i c  
t h e o r y  E0h>Ci > r)av and l a t t i c e  c o n s t a n t  v a r y  l i n e a r l y  w i th  c o m p o s i t i o n .  
The c a l c u l a t i o n s  b a sed  on t h i s  a s su m p t io n  p ro d u ce  a  bowing i n  t h e  EQ gap 
v a r i a t i o n  w i th  c o m p o s i t io n  w hich  i s  c a l l e d  i n t r i n s i c  b o w in g ,b ^ .  However 
t h i s  d o e s  n o t  a c c o u n t  c o m p le te ly  f o r  t h e  e x p e r i m e n t a l l y  o b s e rv e d  bowing 
p a r a m e t e r ,b  i n  many o f  t h e  a l l o y  s y s te m s .  W -B p ro p o se  t h a t  b i s  t h e  sum 
o f  b^ and an e x t r i n s i c  bowing p a ra m e te r  ,b 0 , due t o  t h e  e f f e c t s  o f  
a p e r i o d i c i t y :
The a p e r i o d i c  p o t e n t i a l  i s  a  s h o r t  r a n g e  e f f e c t .  I f  i t  i s  assum ed t h a t  a l l  
bond l e n g t h s  a r e  e q u a l ,  t h e  o n ly  f l u c t u a t i o n  i n  t h e  p o t e n t i a l  a r i s e s  from  
th e  d i f f e r e n c e s  i n  t h e  h e t e r o p o l a r  e n e rg y  gap  C^? and be i s  g iv e n  by
where C^(gc) i s  t h e  P h i l l i p s  e l e c t r o n e g a t i v i t y  d i f f e r e n c e  [ 1 3 ]  be tw een  t h e
c o m p a r iso n  t o  be 1 .0  eV f o r  a l l  a l l o y  s y s te m s .  The v a l u e s  o f  b ,  f o r  
v a r i o u s  a l l o y  s y s te m s  a r e  l i s t e d  by W -B  [ 3 4 ] .  I t  was shown t o  a  good 
a p p ro x im a t io n  t h a t  t h e  d i f f e r e n c e  i n  band g a p ,  AEQ(x)=E0v-E 0 , be tw een  t h e
( 2 .5 3 )
,2 ( 2 .5 4 )
mixed e le m e n ts  and A i s  a  c o n s t a n t  band w id th  p a r a m e t e r ,  found  by
virtual crystal value Eqv and the measured value of EQ can be expressed as
AEQ(x)  = x( 1 —x) be ( 2 .5 5 )
I n  f i g u r e  2 .3 ( a )  t h e  v a r i a t i o n  o f  t h e  m easu red  o p t i c a l  gap Eq ( s o l i d  
c i r c l e s )  and th e  t h e o r e t i c a l l y  c a l c u l a t e d  c u r v e s  f o r  EQv (d a s h e d  c u rv e )  and 
Eq ( s o l i d  c u rv e )  a r e  shown f o r  t h e  In (SbA s)  s y s te m . The a g re e m e n t  be tw een  
t h e o r y  and e x p e r im e n t  i s  good d e s p i t e  t h e  s i m p l i c i t y  o f  t h e  m odel .
2 . 5 . 3  V a r i a t i o n  o f  e l e c t r o n  e f f e c t i v e  mass w i th  c o m p o s i t io n
The e l e c t r o n  e f f e c t i v e  mass c a l c u l a t e d  from th e  t h r e e  band Kane 
m o d e l , in  t h e  VCA, shows a minimum i n  t h e  m id d le  o f  t h e  a l l o y  c o m p o s i t io n  
r a n g e  and a t  t h i s  c o m p o s i t io n  t h e  c a l c u l a t e d  e f f e c t i v e  m ass i s  s m a l l e r  th a n  
th e  m easu red  e f f e c t i v e  m ass .  I t  i s  s u g g e s t e d  t h a t  t h i s  d e v i a t i o n  from th e  
Kane model i s  due t o  t h e  m ix in g  o f  c o n d u c t io n  and v a le n c e  band s t a t e s  C 331 - 
The m ix in g  o f  t h e s e  band s t a t e s  a t  o c c u r s  b e c a u s e  o f  t h e  b r e a k i n g  o f  t h e  
c r y s t a l  symmetry due t o  a p e r i o d i c i t y  [ 3 5 ] .  Van V echten  e t  a l  [ 3 5 ] ,  f i r s t  
in v o k ed  th e  m ix in g  o f  band s t a t e s  a t  T  t o  e x p l a i n  t h e  p ronounced  downward 
bowing o f  t h e  s p i n - o r b i t  s p l i t t i n g ,  A , o f  t h e  s t a t e s .  I f  y (x )  i s  t h e  
f r a c t i o n  o f  t h e  c o n d u c t io n  band s  c h a r a c t e r  mixed i n t o  t h e  v a le n c e  band a t  
r ,  t h e n  t h e  s p l i t t i n g  a t  T i s  r e d u c e d  by a  f a c t o r  ( 1 - y ) .  From co m p a r iso n  
w i th  t h e  e f f e c t  o f  d i s o r d e r  on Eq> y i s  assum ed to  have  t h e  form
y = x ( 1 - x ) b e /E ^ v ( 2 .5 6 )
where
3 / I ov = 2 /E ov + 1/<E ot+ A v )
The v a l u e s  o f  A th u s  c a l c u l a t e d  a r e  i n  good a g re e m e n t  w i th  t h e
e x p e r im e n ta l  r e s u l t s .  A s i m i l a r  a rg u m en t t o  t h e  above  i s  u se d  to  e x p l a i n  
$
ra ( x ) .  When band m ix ing  o c c u r s ,  t h e  f r a c t i o n  o f  v a l e n c e  band s t a t e s
t r a n s f e r r e d  to  t h e  c o n d u c t io n  band e q u a l s  t h e  f r a c t i o n  o f  c o n d u c t io n  band 
s t a t e s  t r a n s f e r r e d  to  t h e  v a le n c e  b a n d .  Hence t h e  r e s u l t a n t  c o n d u c t io n  
band e f f e c t i v e  mass w i l l  be d e te rm in e d  to  some e x t e n t  by v a le n c e  band 
v a l u e s .  L e t  y i , y 2 and y^ be t h e  f r a c t i o n  o f  heavy  h o l e ,  l i g h t  h o l e  and 
s p l i t - o f f  v a le n c e  band s t a t e s  m ixed i n t o  t h e  c o n d u c t io n  b a n d .  Then i t  i s  
assumed t h a t
where and ms  a r e  t h e  v a l u e s  t h e  v a r i o u s  e f f e c t i v e  m asse s  would
have i n  t h e  a b s e n c e  o f  c o n d u c t i o n - v a l e n c e  band m ix in g .  Eqv and Ay a r e  t h e
f i g u r e  2 .3 ( b )  w i th  t h e  v i r t u a l  c r y s t a l  v a l u e s  (d ash e d  c u rv e )  and th e  t h r e e  
band Kane model v a l u e s  ( c h a i n  l i n e ) .  The s o l i d  l i n e  i s  d e te r m in e d  from  
e q u a t i o n  2 .5 8  and i s  i n  good a g re e m e n t  w i th  e x p e r i m e n t a l  r e s u l t s  ( s o l i d  
c i r c l e s ) .
A more r i g o r o u s  t h e o r e t i c a l  t r e a t m e n t  o f  t h e  e f f e c t  o f  t h e  random 
p o t e n t i a l s  and s t r a i n s  i n  t h e  a l l o y s  h a s  been  made by S i g g ia  [ 3 6 ] .  T h is  
l e a d s  t o  a  r e d u c t i o n  o f  t h e  i n t e r a c t i o n  e n e r g y ,  Ep J i n t h e  a l l o y .  Hermann 
and W eisbuch [ 1 ]  show t h a t  t h e  e f f e c t i v e  mass d a t a  i n  t h e  a l l o y s  can  be 
f i t t e d  u s in g  a m u l t ib a n d  a p p ro x im a t io n  o f  t h e  k . £  t h e o r y .  The i n t e r a c t i o n  
e n e r g i e s  and E* f o r  t h e  a l l o y  were i n t e r p o l a t e d  from t h e i r  v a l u e s  i n  t h e  
b i n a r y  c o n s t i t u e n t  compounds assum ing  a l i n e a r  v a r i a t i o n  w i th  c o m p o s i t i o n .  
C was t a k e n  a s  a  c o n s t a n t  e q u a l  t o  - 2 . 0  i n  a l l  c a s e s .
= * ( 1 - * > V ( 3 E 0V)
y 3 = x ( 1 - x ) b e / [ 3 ( E ov+ Av )]
( 2 .5 7 )
The r e s u l t a n t  c o n d u c t io n  band e f f e c t i v e  mass can  be w r i t t e n  a s  [ 2 8 ] ,
1 ( 1 - 2 y 1_y3 ) y<l Yl y 3
_  =   + (2 . 58)
VCA v a lu e s .T h e  m easu red  m(x) f o r  t h e  a l l o y  s y s te m ,  In (SbA s) i s  shown i n
A p a r t  from  th e  m o d i f i c a t i o n  o f  t h e  DM and th e  k . £  t h e o r y  a s  d i s c u s s e d  
so f a r ,  t h e r e  a r e  s e v e r a l  o t h e r  t h e o r e t i c a l  i n v e s t i g a t i o n s  o f  t h e  band 
s t r u c t u r e  o f  a l l o y  s e m ic o n d u c to r s .  S p i n - o r b i t  s p l i t t i n g  was s t u d i e d  a s  a 
f u n c t i o n  o f  a l l o y  c o m p o s i t io n  f o r  a  number o f  a l l o y  s y s te m s  by Chadi [3 7 ]  
i n  a  t i g h t  b i n d in g  a p p ro x im a t io n  and i t  was c o n c lu d e d  t h a t  t h e  n o n l i n e a r  
dependence  o f  A on a l l o y  c o m p o s i t io n  i s  a  d i s o r d e r  e f f e c t .  The e l e c t r o n i c  
band s t r u c t u r e  o f  (AlGa)As was c a l c u l a t e d  [ 3 8 ] by t h e  e m p i r i c a l  
p s e u d o p o t e n t i a l  m ethod and th e  e f f e c t  o f  c o m p o s i t i o n a l  d i s o r d e r  on th e  
l o w e s t  band gap was found  to  be  s m a l l .  However, Van V ech ten  [ 3 4 ]  o b s e rv e d  
t h a t  a  w ide r a n g e  o f  v a r i a t i o n s  i n  t h e  VCA can  be o b t a i n e d  u s in g  th e  EPM 
a c c o r d in g  to  t h e  d e t a i l s  o f  t h e  m ethod u se d  to  o b t a i n  t h e  a v e ra g e d  a to m ic  
p o t e n t i a l s  f o r  t h e  s u b l a t t i c e  c o n t a i n i n g  th e  a l l o y e d  e l e m e n t s .  H i l l  [3 9 ]  
a rg u e s  t h a t  a l l o y  d i s o r d e r  p l a y s  no p a r t  i n  e n e rg y  gap bowing and t h a t  t h e  
VCA i s  v a l i d .  So i t  a p p e a r s  t h a t  t h e r e  i s  c o n s i d e r a b l e  d i s a g r e e m e n t  i n  t h e  
u n d e r s t a n d in g  o f  t h e  way i n  w h ich  t h e  a l l o y  d i s o r d e r  i n f l u n c e s  t h e  band 
s t r u c t u r e .  On th e  e x p e r i m e n t a l  s i d e ,  r e c e n t l y  M ikke lson  and Boyce [4 0 ]  
have m easu red  th e  Ga-As and In -A s n e a r - n e ig h b o u r  d i s t a n c e s  a s  a  f u n c t i o n  o f  
c o m p o s i t io n  i n  (G a ln )A s .  They found  t h a t  d e s p i t e  t h e  f a c t  t h a t  t h i s  a l l o y  
a c c u r a t e l y  f o l l o w s  V e g a r d 's  law , t h e  a n i o n - c a t i o n  bond l e n g t h s  EQa ^ s and
RInAs rem ai n c l o s e  t o  t h e  t h e i r  r e s p e c t i v e  v a l u e s  i n  t h e  p u re  b i n a r y  
compounds. T h is  e x p e r i m e n t a l  o b s e r v a t i o n  c o n t r a d i c t s  t h e  e q u a l  bond l e n g t h  
VCA. The r e s u l t s  o f  M ikke lson  and Boyce a r e  shown i n  f i g u r e  2 . 4 .  The 
a v e ra g e  a n io n  - c a t i o n  s p a c in g  c a l c u l a t e d  from  th e  m easu red  l a t t i c e  c o n s t a n t  
(X -ra y )  f o l lo w s  V egard ’ s  law  a c c u r a t e l y .  I t  i s  a l s o  to  be n o te d  t h a t  t h e  
Raman s c a t t e r i n g  and IR e x p e r im e n t s  show t h a t  t h e  two bonds  i n  a  t e r n a r y  
a l l o y  v i b r a t e  i n d e p e n d e n t l y  l e a d i n g  to  two d i s t i n c t  phonon modes [ 4 1 ] .  
Such a m ultim ode  b e h a v io u r  i s  a l s o  r e p o r t e d  i n  t h e  q u a t e r n a r y  a l l o y  
( G a i n ) ( AsP) [ 4 2 ] .
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Figure 2-4 Near-neighbor distances (G a -A s  and I n - A s )  
and the average anion-cation spacing in the alloy G a ^ If^ A s
2 . 6  I m p u r i ty  l e v e l s
2 . 6 . 1  I n t r o d u c t i o n
T h is  s e c t i o n  o u t l i n e s  t h e  n a t u r e  o f  i m p u r i t y  l e v e l s  and t h e i r  
p r o p e r t i e s  i n  s e m ic o n d u c to r s .  In  v iew  o f  t h e  work p r e s e n t e d  i n  t h i s  t h e s i s  
a b o u t  t h e  M n -le v e l  i n  I I I - V  s e m ic o n d u c to r s ,  deep  l e v e l s  due t o  t r a n s i t i o n  
m e ta l  i m p u r i t i e s  a r e  d i s c u s s e d  i n  some d e t a i l .  The i m p u r i t i e s  may 
i n t r o d u c e  e n e rg y  l e v e l s  w i t h i n  t h e  band gap o f  t h e  h o s t  s e m ic o n d u c to r .  
These can  be c l a s s i f i e d  a s  s h a l lo w  o r  deep  l e v e l s .  The s h a l lo w  i m p u r i t i e s  
a r e  w e l l  d e s c r i b e d  by th e  e f f e c t i v e  mass t h e o r y .  The deep  i m p u r i t i e s  a r e  
so  d i f f e r e n t  t h a t  t h e  e f f e c t i v e  mass t h e o r y  i s  n o t  a d e q u a te  f o r  
u n d e r s t a n d in g  t h e i r  p r o p e r t i e s .
2 . 6 . 2  S h a l lo w  i m p u r i t y  l e v e l s
The i m p u r i t i e s  w hich a r e  i n c o r p o r a t e d  on s u b s t i t u t i o n a l  s i t e s  i . e .  
s u b s t i t u t i n g  f o r  h o s t  atom a r e  i n  g e n e r a l  e l e c t r i c a l l y  a c t i v e  e x c e p t  i n  t h e  
c a s e  o f  i s o e l e c t r o n i c  c e n t r e s .  A s h a l lo w  d o n o r  i s  an  atom w i th  s u f f i c i e n t  
e l e c t r o n s  t o  b in d  w i th  i t s  n e a r e s t  n e ig h b o u r s ,  l e a v i n g  one a d d i t i o n a l  
e l e c t r o n  l o o s e l y  bound to  t h e  i m p u r i t y .  S i m i l a r l y ,  a s h a l lo w  a c c e p t o r  w i l l  
have a l o o s e l y  bound h o l e .  The b i n d in g  e n e r g i e s  o f  t h e s e  s h a l l o w  d o n o r s  o r  
a c c e p t o r s  i s  v e r y  s m a l l  and th e  c e n t r e s  a r e  t h e r m a l l y  i o n i z e d  above  a b o u t  
40 K. The s m a l l  b in d in g  e n e rg y  i n d i c a t e s  t h a t  t h e  i m p u r i t y  wave f u n c t i o n  
i s  s p r e a d  w id e ly  i n  t h e  c r y s t a l  and a  t r a p p e d  e l e c t r o n  o r  h o l e  s p e n d s  
l i t t l e  t im e  n e a r  t h e  i m p u r i t y .  Under t h e s e  c i r c u m s t a n c e s  t h e  i m p u r i t y  c an  
be t r e a t e d  a s  p ro d u c in g  a  s m a l l  p e r t u r b a t i o n  o f  t h e  l a t t i c e  s i t e s .  The 
i m p u r i t y  wave f u n c t i o n  may be expanded  [4 3 ]  a s
<P(r) = ] T  Aj k  ® jk  ( 2 - 59)
i,k
where A ^  a r e  c o e f f i c i e n t s ,  a r e  h o s t  l a t t i c e  wave f u n c t i o n s ,  j  i s  t h e
band in d e x  and k i s  t h e  r e d u c e d  wave v e c t o r .  The c o e f f i c i e n t s  A^k w i l l  be 
r e s t r i c t e d  to  a  s m a l l  p a r t  o f  t h e  B r i l l o u i n  zone s i n c e  t h e  wave f u n c t i o n  i s  
s p r e a d  o u t  i n  r e a l  s p a c e .  Thus t h e  B loch  s t a t e s  c l o s e s t  t o  t h e  p r i n c i p a l  
band extremum c o n t r i b u t e  m ost t o  t h e  sum i n  t h e  e q u a t i o n  2 .5 9 .  The 
s o l u t i o n  o f  t h e  S c h r o d in g e r  e q u a t i o n  th e n  l e a d s  t o  a  s e r i e s  o f
h y d r o g e n i c - l i k e  s t a t e s  d e s c r i b e d  by Kohn’ s e f f e c t i v e  mass t h e o r y  [ 4 4 ] .  Fo r
a s im p le  s p h e r i c a l  band a t  k=0 t h e  e n e rg y  l e v e l s  o f  a  s h a l l o w  i m p u r i t y  a r e  
g iv e n  by
(m*/m)
En = -  ( 1 3 .5  eV) ( 2 .6 0 )
n £ 2 o
where n i s  an  i n t e g e r .  Note t h a t  £q i s  e x p r e s s e d  in  u n i t s  o f  t h e  
p e r m i t t i v i t y  o f  f r e e  s p a c e .  In  d i r e c t  gap I I I - V  compounds t h e  b i n d in g  
e n e rg y  o f  t h e  s h a l lo w  d o n o rs  i s  t y p i c a l l y  a ro u n d  5 meV.
2 . 6 . 3  Deep i m p u r i t y  l e v e l s
Deep l e v e l  i m p u r i t i e s  g e n e r a l l y  h av e  an  i o n i z a t i o n  e n e rg y  much g r e a t e r  
th a n  t h e  s h a l lo w  i m p u r i t i e s  and hence  a r e  l o c a t e d  w e l l  i n t o  t h e  f o r b i d d e n  
g a p .  The s tu d y  o f  d eep  l e v e l s  i s  an  a c t i v e  f i e l d  o f  r e s e a r c h  s i n c e  t h e y  
s t r o n g l y  i n f l u e n c e  th e  r e c o m b in a t io n  p r o c e s s e s  and from a  t h e o r e t i c a l  p o i n t  
o f  v ie w  t h e y  a r e  s t i l l  an en igm a. A d e f i n i t i o n  o f  deep  l e v e l s  can  be g iv e n  
b a sed  on th e  s p a t i a l  l o c a l i z a t i o n  o f  t h e  t r a p  s t a t e .  An i m p u r i t y  i s  
d e f i n e d  a s  b e in g  a  deep  t r a p  i f  i t s  s h o r t  r a n g e  c e n t r a l - c e l l  p o t e n t i a l  
a lo n e  i s  s u f f i c i e n t l y  s t r o n g  to  b in d  a s t a t e  [ 4 5 ] .  U n l ik e  s h a l l o w  l e v e l s  
s u c h  a  l e v e l  i s  n o t  d e r i v e d  from  th e  n e a r e s t  band edge  s t a t e .  I n d e e d ,  i t  
i s  found t h a t  a  d e s c r i p t i o n  o f  d e e p - l e v e l  s t a t e s  i n  t e rm s  o f  t h e  s t a t e s  o f
t h e  h o s t  c r y s t a l  can  n o t  be made w i th o u t  c o n s i d e r i n g  a l a r g e  number o f  
b a n d s  [ 4 6 ] .  F o r  t h i s  r e a s o n  t h e  d eep  l e v e l s  a r e  r e l a t i v e l y  u n p e r tu r b e d  by 
t h e  movement o f  th e  n e a r e s t  band edge  in d u c e d  by a l l o y i n g  o r  p r e s s u r e  [ 4 7 ] .
The t r a n s i t i o n  m e ta l  i m p u r i t i e s ,  i n  g e n e r a l ,  g iv e  r i s e  t o  deep  l e v e l s  
i n  s e m ic o n d u c to r s .  In  t h e  h o s t  t h e y  may e x i s t  i n  s e v e r a l  c h a r g e  s t a t e s  i n  
an  e n e rg y  r a n g e  o f  a  few eV. An exam ple  i s  C r (4 s^ 3 d ^ )  i n  GaAs where Cr 
s u b s t i t u t e s  f o r  t h e  Ga a tom . The n e u t r a l  s t a t e  o f  Cr i n  GaAs i s  Cr^+( 3 d ^ ) .  
O the r  c h a rg e  s t a t e s  a r e  Cr^+ ( 3 d ^ ) ,C r ^ + (3 d ^)  and C r^+( 3 d ^ ) .  A l l  t h e s e  
c h a r g e  s t a t e s  have  been  o b s e rv e d  e x p e r i m e n t a l l y  [ 4 8 ] .  I f  Cr c o n c e n t r a t i o n  
i s  g r e a t e r  th a n  o r  e q u a l  to  t h e  uncom pensa ted  s h a l lo w  don o r  c o n c e n t r a t i o n  
( Nd>Na ) > th e n  th e  Cr^+ can t r a p  an  e l e c t r o n  t o  form a Cr^+ c h a rg e  s t a t e .  
I f  Na >N^, t h e n  Cr^+ may t r a p  a  h o l e  t o  form  a Cr^+ c h a rg e  s t a t e .  The 
o p t i c a l  t h r e s h o l d  f o r  Cr^+ to  Cr^+ c o n v e r s io n  h a s  been  d e te r m in e d  to  be
0 .831  eV a t  0°K and f o r  t h e  Cr^+/ C r ^ + , o p t i c a l  t h r e s h o l d  i s  a t  0 .4 2  eV i n  
t h e  t e m p e r a tu r e  r a n g e  100K<T<160K [ 4 9 ] .  Hennel and M a r t in e z  [ 5 0 ]  have  
s t u d i e d  th e  Cr^+ l e v e l  w hich  i s  d e g e n e r a t e  w i th  t h e  c o n d u c t io n  b a n d ,  a t  an  
e n e rg y  o f  Ec + o . 0 5 5  eV a t  77K.
R e c e n t ly ,  Ledebo and R id le y  [ 4 ]  have  p ro p o se d  t h a t  i n  c a s e s  w here t h e  
i m p u r i t y  i s  v e r y  l o c a l i s e d ,  t h e  d eep  l e v e l s  a r e  l a r g e l y  t i e d  t o  t h e  vacuum 
e n e rg y  l e v e l  and a r e  l a r g e l y  i n d e p e n d e n t  o f  t h e  h o s t  l a t t i c e .  The e v id e n c e  
t h e y  p r o v id e  i s  t h a t  t h e  a b s o l u t e  e n e rg y  p o s i t i o n s  o f  s e v e r a l  t r a n s i t i o n  
m e ta l  i m p u r i t y  l e v e l s  (F e ,C r ,C u ^ ,C u g )  re m a in  c o n s t a n t  i r r e s p e c t i v e  o f  t h e  
h o s t  l a t t i c e .  In  f i g u r e  2 .5  t h e  a b s o l u t e  p o s i t i o n s  o f  v a r i o u s  t r a n s i t i o n  
m e ta l  i m p u r i t y  l e v e l s  i n  t h r e e  d i f f e r e n t  h o s t s , InP,GaAs and GaP a r e  shown. 
The a b s o l u t e  v a lu e s  were d e te rm in e d  from th e  P h i l l i p s  -  Van V echten  
d i e l e c t r i c  model d i s c u s s e d  in  s e c t i o n  2 . 1 . 3 .  The o p t i c a l  t r a n s i t i o n  
e n e r g i e s  o f  e x c i t a t i o n  from th e  v a l e n c e  band were used  i n  t h e  c a l c u l a t i o n s .  
There  i s  a  s t r i k i n g  c o n s ta n c y  i n  t h e  a b s o l u t e  p o s i t i o n  o f  e a c h  i m p u r i t y
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l e v e l .  T h is  i s  f u r t h e r  s u p p o r te d  by t h e  m easu rem en ts  o f  t h e  Fe ,C u . and CunA D
l e v e l s  i n  t h e  a l l o y  (GaAl)As [5 1 ]  and o f  t h e  Cu l e v e l s  i n  Ga(AsP) [ 5 2 ] .
The a c t i v a t i o n  e n e rg y  o f  a l l  t h e s e  l e v e l s  ( r e f e r r e d  to  t h e  t o p  o f  t h e
v a l e n c e  band) v a ry  a t  t h e  same r a t e  a s  a  f u n c t i o n  o f  c o m p o s i t io n
i r r e s p e c t i v e  o f  t h e i r  p o s i t i o n  i n  t h e  band gap and a r e  n o t  d e te rm in e d  by
t h e  a b s o l u t e  p o s i t i o n  o f  t h e  n e a r e s t  b a n d .
The c o n s ta n c y  o f  t h e  deep  l e v e l  p o s i t i o n  h a s  an  i n t e r e s t i n g  p r o s p e c t  f o r  
d e te r m i n in g  th e  a b s o l u t e  e n e r g i e s  o f  t h e  band e d g e s .  I f  t h e  deep  l e v e l s  
a r e  l i n k e d  to  t h e  vacuum l e v e l ,  t h e y  c an  be u se d  a s  m a rk e rs  t o  d e te r m in e  
th e  a b s o l u t e  p o s i t i o n s  o f  v a r i o u s  b a n d s  and hence  t h e  h e t e r o j u n c t i o n  s t e p s .  
However, t h e  h y p o t h e s i s  t h a t  t h e  deep  l e v e l s  a r e  l a r g e l y  in d e p e n d e n t  o f  t h e  
h o s t  r a i s e s  an  i m p o r ta n t  q u e s t i o n  a s  t o  how t h e r e  c o u ld  be  many c h a rg e  
s t a t e s  o f  t h e  same i m p u r i t y  s e p a r a t e d  o n ly  by a  few eV i n  t h e  h o s t , when 
t h e s e  c h a rg e  s t a t e s  d i f f e r  by more t h a n  10 eV i n  t h e  f r e e  i m p u r i t y  atom
[53]*  H aldane and A nderson [5 4 ]  have  d e v e lo p e d  a  t h e o r e t i c a l  model to  
e x p l a i n  q u a l i t a t i v e l y  t h e  p h y s i c a l  o r i g i n  o f  many c h a rg e  s t a t e s  w hich  can  
a p p e a r  i n  t h e  band g a p ,  b ased  on a  s t r o n g  h y b r i d i z a t i o n  be tw een  th e
i m p u r i t y  d -  and h o s t  sp ^  s t a t e s .  T h is  i s  i n  s h a r p  c o n t r a s t  t o  t h e  
h y p o t h e s i s  o f  Ledebo and R id le y ,  u n l e s s  t h e  h y b r i d i z a t i o n  e f f e c t s  a r e
in d e p e n d e n t  o f  t h e  e x a c t  n a t u r e  o f  t h e  h o s t .
2 . 6 . 4  Franck-C ondon  s h i f t
The e q u i l i b r i u m  p o s i t i o n  o f  t h e  l a t t i c e  a ro u n d  th e  d e f e c t  can  be  d i f f e r e n t  
f o r  i n i t i a l  and f i n a l  s t a t e s .  T h is  l e a d s  t o  a  d i f f e r e n c e  i n  t h e  o p t i c a l
and th e rm a l  i o n i z a t i o n  e n e rg y  o f  a  d e f e c t  s t a t e .  The c o n f i g u r a t i o n
c o - o r d i n a t e  d iag ram  shown i n  f i g u r e  2 . 6  i n d i c a t e s  how t h e  o p t i c a l
t r a n s i t i o n s  o f  a deep  l e v e l  depend  on l a t t i c e  i n t e r a c t i o n s .  The
Franck-C ondon p r i n c i p l e  s t a t e s  t h a t  b e c a u s e  t h e  m o tio n  o f  a tom s i s  so
s l u g g i s h ,  an  o p t i c a l  t r a n s i t i o n  t a k e s  p l a c e  i n s t a n t a n e o u s l y  by c o m p a r is o n ,
i . e .  t h e  a tom s a r e  s t a t i o n a r y  and th e  c o n f i g u r a t i o n  c o - o r d i n a t e , Q, do es  
n o t  change  d u r in g  an o p t i c a l  t r a n s i t i o n .  Hence, i n  f i g u r e  2 .6 ,  t h e  o p t i c a l  
t r a n s i t i o n s  a r e  v e r t i c a l  and i t  i s  o n l y  a f t e r  a  t r a n s i t i o n  i s  co rap le te ’d
t h a t  t h e  l a t t i c e  d i s t o r t s  so  a s  t o  m in im is e  t h e  t o t a l  e n e rg y .  T h is  p r o c e s s
can  t a k e  p l a c e  th ro u g h  th e  e m is s io n  o f  phonons [ 5 5 ] ,  f o l l o w i n g  th e  o p t i c a l
t r a n s i t i o n .  The th e r m a l  and o p t i c a l  e n e r g i e s  a r e  d i f f e r e n t  by an e n e rg y
Ef _c s o  t h a t  [ 5 6 ]
where i s  t h e  e n e rg y  a b s o rb e d  ( o p t i c a l )  and Efch i s  t h e  th e r m a l  e x c i t a t i o n
e n e r g y .  O p t i c a l  e m is s io n  t a k e s  p l a c e  a t  an  e n e rg y  Eq w h ic h ,  i n  a  s im p le  
c a s e ,  i s  l e s s  t h a n  E^ by an e n e rg y  2Ep_£. The F ranck-C ondon  e n e rg y  i s  
o f t e n  e x p r e s s e d  i n  te r m s  o f  s t r e n g t h  o f  t h e  e l e c t r o n - p h o n o n  c o u p l i n g  o r  t h e  
Huang-Rhys f a c t o r ,  Sh [ 5 7 ] such  t h a t
( 2 . 6 1 )
EF-C = s h ^ w ( 2 . 62 )
where "few i s  t h e  phonon e n e rg y .
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Figure 2-6 The configuration -  coordinate diagram 
showing the Franck-Condon shift.
CHAPTER 3
M a t e r i a l  p a r a m e te r s
3. 1 I n t r o d u c t i o n
The m a t e r i a l  and band s t r u c t u r e  p a r a m e te r s  e s s e n t i a l  f o r  t h e  a n a l y s i s  
o f  t h e  e x p e r i m e n t a l  r e s u l t s  p r e s e n t e d  i n  t h i s  t h e s i s  a r e  d i s c u s s e d  i n  t h i s  
c h a p t e r .  The a tm o s p h e r ic  p r e s s u r e  v a l u e s  o f  t h e  e f f e c t i v e  m a s s e s ,  e n e rg y  
g a p s ,  l a t t i c e  c o n s t a n t s ,  phonon e n e r g i e s ,  th e r m a l  e x p a n s io n  c o e f f i c i e n t s ,  
d i e l e c t r i c  c o n s t a n t s  and e l a s t i c  c o n s t a n t s  a r e  a v a i l a b l e  f o r  In P ,  GaAs and 
s e v e r a l  o t h e r  compound s e m ic o n d u c to r s .  However, t h e  p r e s s u r e  c o e f f i c i e n t  
o f  many o f  t h e s e  p a r a m e te r s  h a s  n o t  been  m easured  and hence  t h e y  h a v e  been  
c a l c u l a t e d .  The v a le n c e  band d e f o r m a t io n  p o t e n t i a l s  and t h e i r  p r e s s u r e  
c o e f f i c i e n t s  h av e  been  c a l c u l a t e d  from th e  e q u a t i o n s  g iv e n  by W iley  [ 5 8 ] .  
L aw aetzf s  [ 1 0 ]  a p p ro a c h  i s  u se d  to  c a l c u l a t e  t h e  p r e s s u r e  d e p e n d en c e  o f  t h e  
e n e rg y  gap Eq# M easurem ents  o f  t h e  e l e c t r o n  e f f e c t i v e  mass , fu n d a m e n ta l  
band g a p ,  l i g h t  h o l e  e f f e c t i v e  mass and th e  phonon e n e r g i e s  h a v e  been  
r e p o r t e d  i n  t h e  l i t e r a t u r e  f o r  t h e  a l l o y  Gax i n 1-xAsy P1_y . But t h e  d a t a  f o r  
m ost o f  t h e  o t h e r  p a r a m e te r s  i s  n o t  a v a i l a b l e  and h ence  an  i n t e r p o l a t i o n
p r o c e d u re  i s  fo l lo w e d  to  e v a l u a t e  t h e s e  p a ra m e te r s  and t h e i r  p r e s s u r e
c o e f f i c i e n t s  f o r  t h e  a l l o y s .  W hereve r ,  m easu rem en ts  have  b een  r e p o r t e d ,  
c o m p a r iso n  i s  made w i th  t h e  i n t e r p o l a t e d  v -a lu e s .
3 .2  I n t e r p o l a t i o n  scheme
The q u a t e r n a r y  a l l o y  ^a x In ^ _ x Asy P^_y s t u d i e d  h e r e  i s  grown l a t t i c e  
m atched  to  In P .  Thus one  o f  t h e  i m p o r t a n t  p a r a m e t e r s ,  t h e  l a t t i c e  c o n s t a n t ,
i s  h e ld  c o n s t a n t  th ro u g h o u t  t h e  a l l o y  c o m p o s i t i o n .  The l a t t i c e  m a tc h in g
r e l a t i o n  be tw een  th e  c o m p o s i t io n s  x and y c an  be e x p re s s e d  a s  [ 5 9 ] ,
x ( 1 .0 3 2 - 0 .0 3 2  y )  = 0 .4 7  y ( 3 .  1)
o r  i t  c an  be  a p p ro x im a te d  by y i ^ 2 . 2 x .  In  o r d e r  t o  c a l c u l a t e  t h e  m a t e r i a l  
p a r a m e t e r s  f o r  t h e  q u a t e r n a r y  a l l o y ,  i n  t h e  a b s e n c e  o f  d i r e c t  e x p e r i m e n t a l  
d a t a ,  a n  i n t e r p o l a t i o n  m ethod i s  a d o p te d  [ 6 0 ] .  The a l l o y  i s  t h o u g h t  t o  be 
c o n s t r u c t e d  o f  f o u r  b i n a r y  compounds, GaAs, InA s, InP and  GaP. The 
q u a t e r n a r y  m a t e r i a l  p a r a m e t e r ,  A c an  th e n  be d e r i v e d  from t h e  f o u r  b i n a r y  
p a r a m e t e r s  by u s in g  th e  i n t e r p o l a t i o n  schem e,
Aq = x [ y AGaAs+ ( 1 -y )  AGap] + (1 -x )  [ y AInAs+ (1 -y )  AI n P ] ( 3 .2 )
G e n e r a l l y  d a t a  f o r  InP and  GaAs a r e  a v a i l a b l e .  However t h i s  i s  n o t  a lw ays  
t h e  c a s e  f o r  InAs and GaP and  hence  som etim es one i s  f a c e d  w i th  t h e  
d i f f i c u l t y  o f  i n t e r p o l a t i n g  th e  q u a t e r n a r y  a l l o y  p a r a m e te r s  from  t h r e e  
b i n a r y  compounds. I f  GaP i s  m is s in g  from e q u a t i o n  3 . 2 ,  t h e n  i t s  
c o n t r i b u t i o n  i s  added  to  InP and GaAs and s u b t r a c t e d  from  InA s. T h is  l e a d s  
t o  t h e  f o l l o w i n g  e x p r e s s io n  f o r  t h e  q u a t e r n a r y  a l l o y  p a r a m e te r  [ 6 0 ] ,
S i m i l a r l y ,  i f  t h e  d a t a  f o r  InAs i s  n o t  a v a i l a b l e ,  t h e n  t h e  q u a t e r n a r y  
p a r a m e te r  can  be  e x p r e s s e d  a s ,
3 . 3  C r y s t a l  d e n s i t y  and  u n i t  c e l l  mass
The c r y s t a l  d e n s i t y  i s  d e f i n e d  a s  t h e  r a t i o  o f  t h e  u n i t  c e l l  m a s s ,  M, 
t o  t h e  v o lu m e , V0> o f  t h e  u n i t  c e l l .  The d e n s i t y  [ 6 1 ] ,  u n i t  c e l l  m ass and 
th e  l a t t i c e  c o n s t a n t  [ 6 1 ]  o f  t h e  f o u r  b i n a r y  compounds w h ich  make up t h e  
q u a t e r n a r y  a l l o y  a r e  g iv e n  i n  t a b l e  3 . 1 .  The a v e ra g e  a to m ic  m ass  i n  t h e
^q x ^GaAs+ ^InA s + ^  ^  ^ In P ( 3 . 3 )
Aq = y AGaAs+ ( 1_x) AInP  + (x _ y ) AGaP ( 3 - 4 )
u n i t  c e l l  o f  t h e  q u a t e r n a r y  a l l o y  can  be o b t a i n e d  by t h e  f o l l o w in g
p r o c e d u r e .  S in c e  Ga and In  a tom s d i s t r i b u t e  random ly  on th e  
I I I - s u b l a t t i c e , we can  w r i t e  an  e x p r e s s i o n  f o r  t h e  a v e ra g e  m ass o f  t h e  atom 
on t h e  I I I - s i t e  a s ,
MI I I  = x MGa + (1_x) MIn  
S i m i l a r l y ,  t h e  a v e r a g e  mass o f  t h e  atom on t h e  V - s u b l a t t i c e  i s  g iv e n  by ,
Mv = y MAs + (1 -y )  Mp (3 .6 )
Q £
The m a sse s  o f  t h e  a to m s ,  i n  lO”^ 0 k g ,  t a k i n g  i n t o  c o n s i d e r a t i o n  th e
i s o t o p i c  abundance  a r e  a s  f o l l o w s :
MGa =11-576 MIn  = 19 .065  MAs = 12 .440  Mp = 5 .1 4 3
The a v e ra g e  a to m ic  mass o f  t h e  u n i t  c e l l  i s  M = + My and  h e n c e  t h e
d e n s i t y  i s  g iv e n  by ,
Pq = [ x MGa+ (1 -x )  MI n + y MAs+ (1 -y )  Mp ] /  a ^  ( 3 . 7 )
where a Q i s  t h e  l a t t i c e  c o n s t a n t  o f  t h e  q u a t e r n a r y  a l l o y  w h ich  i s  t h e  same 
a s  t h a t  o f  InP . The e x p r e s s io n  g iv e n  above  i s  t h e  same a s  t h e  one d e r i v e d
by Hayes [ 6 2 ] ,  b u t  i s  i n  a  d i f f e r e n t  fo rm . The v a r i a t i o n  o f  c r y s t a l
d e n s i t y  w i th  a l l o y  c o m p o s i t io n ,  c a l c u l a t e d  from e q u a t i o n  3 . 7 ,  i s  shown i n  
f i g u r e  3 . 1 .  S in c e  x v a r i e s  n e a r l y  l i n e a r l y  w i th  y ( y ^ ? 2 .2 x ) ,  t h e  d e n s i t y
i s  a lm o s t  a  l i n e a r  f u n c t i o n  o f  c o m p o s i t i o n .
T a b le  3 .1  D e n s i ty  ( p ) , u n i t  c e l l  mass (M ), l a t t i c e  c o n s t a n t  ( a )  
and th e  th e r m a l  e x p a n s io n  c o e f f i c i e n t  ( °^-h ) o f  some o f  t h e  b i n a r y  
compounds.
p '( g /c m “ 3)
M ( 1 0 “2 3g ) 
a  (1 0 “ ^cm) 
«-t h ( 1 0 - 6/ #K)
GaAs InP InAs GaP
5 .3 4 9 4 .7 9 0 5 .668
0onr
2 4 .0 1 6 2 4 .2 0 8 3 1 .5 0 5 16 .7 19
5 . 642 5. 869 6 .058 5 .450
6 . 63 4 .5 6 5 . 16 5.91
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Figure 3*1 Variation of density with alloy composition if
The pressure dependence of density is given by
( 1 / P #) (d P /d P )  = K ( 3 .8 )
w here K i s  t h e  c o m p r e s s i b i l i t y .  The c o m p r e s s i b i l i t y  can  be c a l c u l a t e d  from 
th e  e l a s t i c  c o n s t a n t s  and t h i s  w i l l  be  d i s c u s s e d  i n  s e c t i o n  3 . 9 .
3 .4  Thermal e x p a n s io n  c o e f f i c i e n t
The th e r m a l  e x p a n s io n  c o e f f i c i e n t  i s  one o f  t h e  p a r a m e te r s  w hich  
d e t e r m i n e s  t h e  d i l a t i o n a l  change  i n  t h e  e n e rg y  gap ( c h a p t e r  2 ) ,  and th e  
d i l a t i o n a l  change  i s  t h o u g h t  t o  c a u s e  a  change  i n  e f f e c t i v e  m ass w i th
t e m p e r a t u r e .  In  v iew  o f  t h e  e x p e r im e n ta l  r e s u l t s  on t h e  p r e s s u r e  and 
t e m p e r a tu r e  d ependence  o f  t h e  e f f e c t i v e  mass p r e s e n t e d  i n  l a t e r  c h a p t e r s ,  
t h e  th e r m a l  e x p a n s io n  c o e f f i c i e n t  o f  I I I - V  compounds and t h e  q u a t e r n a r y  
a l l o y  i s  d i s c u s s e d  h e re  i n  some d e t a i l .  The th e rm a l  e x p a n s io n  c o e f f i c i e n t ,
°^th» ^o r  GaAs a s  a  f u n c t i o n  o f  t e m p e r a tu r e  i s  shown i n  f i g u r e  3 . 2 .  °< tb  
v a r i e s  w i th  t e m p e r a tu r e  i n  a  c o m p l ic a te d  way a s  s e e n  from t h i s  f i g u r e .  The 
th e r m a l  e x p a n s io n  c o e f f i c i e n t  shows a  s i m i l a r  v a r i a t i o n  w i th  t e m p e r a t u r e  
f o r  many o t h e r  I I I - V  compounds su c h  a s  InA s, InS b , GaSb and A lSb. These  
have  been  d i s c u s s e d  i n  d e t a i l  by Novikova [ 6 3 ] .  The room t e m p e r a t u r e
v a l u e s  o f  t h e  th e rm a l  e x p a n s io n  e o e f f i c i e n t s  [6 0 ]  f o r  some o f  t h e  I I I - V
s e m ic o n d u c to r s  i s  l i s t e d  i n  t a b l e  3 . 1 .  The room t e m p e r a tu r e  v a l u e s  o f  
f o r  t h e  q u a t e r n a r y  a l l o y  a r e  i n t e r p o l a t e d  u s in g  e q u a t i o n  3 . 2  and th e  
r e s u l t s  a r e  shown i n  f i g u r e  3 . 3 .  R e c e n t ly ,  B i s a r o  e t  a l  [ 6 4 ]  have
d e te rm in e d  f o r  InP  and f o r  t h e  a l l o y  c o m p o s i t io n s  y = 0 .6  and y=1, and
t h e i r  r e s u l t s  a r e  shown by s o l i d  c i r c l e s  i n  f i g u r e  3*3. T here  i s  a 
r e a s o n a b l e  a g reem en t  be tw een  t h e  i n t e r p o l a t e d  v a lu e s  and th e  e x p e r i m e n t a l  
r e s u l t s .
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Figure 3*3 Compositional dependence of the th erm a l expansion 
coefficient of GaxIn^yAsyP^y
3.5 Energy gaps at the T point
3 .5 .1  D i r e c t  band gap Eq and th e  v a le n c e  band s p in  o r b i t  s p l i t t i n g  A
The low  t e m p e r a tu r e  (T<4 K) band gaps  and A o f  some o f  t h e  compound 
s e m ic o n d u c to r s  r e l e v a n t  t o  t h e  d i s c u s s i o n  p r e s e n t e d  i n  c h a p t e r  5 ,  a r e  
l i s t e d  i n  t a b l e  3 . 2 .  These v a l u e s  were t a k e n  from a l i s t i n g  i n  r e f e r e n c e  
[ 1 ] .  The m easu red  p r e s s u r e  c o e f f i c i e n t s  o f  t h e  d i r e c t  band gap and  A , 
w here  a v a i l a b l e ,  a r e  a l s o  l i s t e d  i n  t a b l e  3 . 2 .
The c o m p o s i t io n  d ependence  o f  t h e  d i r e c t  band gap i n  t h e  q u a t e r n a r y  
a l l o y  h a s  been  rev iew ed  by P e a r s a l l  [ 7 5 ] .  The low t e m p e r a t u r e  (T< 5 K) 
band gap , Eqj i s  g iv e n  by t h e  e x p r e s s i o n ,
The low te m p e r a tu r e  v a l u e s  o f  t h e  v a l e n c e  band s p in  o r b i t  s p l i t t i n g  h a s  
been  i n v e s t i g a t e d  by Hermann e t  a l  [ 7 7 ]  and A la v i  e t  a l  [ 7 8 , 7 9 ] .  T h e i r  
r e s u l t s  and th e  v a r i a t i o n  o f  low t e m p e r a t u r e  band gap a s  a  f u n c t i o n  o f  
a l l o y  c o m p o s i t io n  a r e  shown i n  f i g u r e  3 . ^ .  The c o m p o s i t io n  d e p e n d e n c e  o f  
A i s  a p p r o x im a te ly  g iv e n  by t h e  f o l l o w i n g  l i n e a r  e q u a t i o n :
EQ(eV) = 1 .4 2 5  -  0 .7 6 6 8  y + 0 .1 4 9  y 2 ( 3 .9 )
and th e  room t e m p e r a t r u r e  band g a p ,  E^, i s  g iv e n  by [ 7 6 ] ,
Er (eV) = 1 .3 5  -  0 .7 2  y + 0 .1 2  y 2 ( 3 . 10)
A (eV) = 0 .1 1  + 0 .2 4  y ( 3 .1 1 )
The room t e m p e r a tu r e  v a lu e  o f  A r e p o r t e d  by v a r i o u s  i n v e s t i g a t o r s  [ 7 5 ]  i s
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T a b le  3*2 C o n d u c t io n  band p a r a m e te r s  [ 1 ]  and t h e i r  p r e s s u r e  
c o e f f i c i e n t s  f o r  some 111 —V compounds
GaAs GaSb InSb InAs InP
E0 (eV) 1 .519 0 .8 1 4 0 .2 3 7 0 .4 2 1 .423
A (eV) 0 .341 0 .7 5 2 0 .8 1 0 0 .3 8 0 .1 0 2
m*/m 0.0667 0.041 0 .0 1 3 9 0 .0 2 3 0 .0 8 0 3
Eo(eV ) 4 .4 8 8 3 .2 7 3. 16 4 .4 4 4 .7 2
Eo+A*(eV) 4 .6 5 9 3 .5 6 3 .49 4 .6 0 4 .7 9
dE / a p 1 1 .3a , 1 1 .4b 15. 5f 8 . 5 h ’ ju
1 4 .7e 10h
(m eV /kbar) 1 0 . 9 ° , 10 .74d 14 .86 9 . 11
d A / d P 1. 4a - - - 0 . 1 1
(m eV /kbar)
dE^/dP 1.77k 2 .2 0 k 2 .2 5 k 1 . 92k 1 .49k
(m eV /kbar)
a )  r e f [6 5 ]  b) r e f  [6 6 ] c) r e f [6 7 ]  d) r e f  [6 8 ]
e) r e f [6 9 ]  f ) r e f  [7 0 ] g) r e f [7 1 ]  h) r e f  [7 2 ]
i )  r e f [7 3 ]   ^ j ) r e f  [7 4 ]
k) c a l c u l a t e d  from L a w ae tz ’ s  t h e o r y .
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Figure 3*4 Compositional dependence of various band gaps of
the alloy GaxIn^AsyP^y
c l o s e  t o  th e  low t e m p e r a t u r e  v a l u e s  shown i n  t h e  f i g u r e  3*4 . However, i t  
i s  i n t e r e s t i n g  to  n o t e  t h a t  A v a l u e s  (T=84 K) r e p o r t e d  by Yamazoe e t  a l  
[ 8 0 ]  d i f f e r s  from  th e  o t h e r  m easu rem en ts  by a s  much a s  50 meV i n  t h e  As 
r i c h  a l l o y s .
3 . 5 . 2  H ig h e r  band gaps
The h i g h e r  band g a p s , E* and E^+ A* have  been  m easu red  [ 1 ]  f o r  t h e  
compound s e m ic o n d u c to r s  w hich  a r e  o f  i n t e r e s t  h e r e ,  and a r e  l i s t e d  i n  t a b l e  
3 . 2 .  The p r e s s u r e  dependence  o f  E* c a n be c a l c u l a t e d  from t h e  e q u a t i o n s  
g iv e n  by Iaw a e tz  [ 1 0 ] ,  d i s c u s s e d  i n  c h a p t e r  2 .  From e q u a t i o n s  2 .2 9  and 
2 .3 0 ,  we can  w r i t e ,
d E ' / d P  = 0 .6 4  K ( E ^ / E q ) ( 3 . 1 2 )
The c a l c u l a t e d  p r e s s u r e  c o e f f i c i e n t s  a r e  g iv e n  i n  t a b l e  3 . 2 .  I t  i s
n o te w o r th y  t h a t  E^ d e f i n e d  by Lawaetz d o e s  n o t  i n c l u d e  t h e  s p i n  o r b i t
s p l i t t i n g .  However, f o r  t h e  p u r p o s e s  o f  t h e  c a l c u l a t i o n s  p r e s e n t e d  i n  t h i s
t h e s i s ,  i t  can  be  assumed t h a t  b o th  E* and EQ+ £  have  t h e  same p r e s s u r e
.1
c o e f f i c i e n t  b e c a u s e  t h e  p r e s s u r e  d e p en d en ce  o f  A i s  t h o u g h t  t o  b e  s m a l l .
I a u f e r  e t  a l  [ 8 1 ]  have  m easu red  th e  E^ and EQ+ band g a p s  i n  t h e  
q u a t e r n a r y  a l l o y  a s  a  f u n c t i o n  o f  a l l o y  c o m p o s i t i o n ,  a t  300 K. T h e i r
r e s u l t s  a r e  shown i n  f i g u r e  3 . 4 .  The e x p e r i m e n t a l  d a t a  shows a  l a r g e
s c a t t e r ,  b e c a u s e  i n  t h e s e  m e a su re m e n ts ,  t h e  e l e c t r o r e f l e c t a n c e  p e a k s
c o r r e s p o n d in g  to  E^ a nd E^+A w ere  n o t  a lw ays  c l e a r l y  r e s o l v e d .  In  f i g u r e  
\ 3 . 4 ,  t h e  dashed l i n e s  show t h e  v a r i a t i o n  o f  E^ and eJ>+ A* o b t a i n e d  by  l i n e a r  
i n t e r p o l a t i o n  from th e  v a l u e s  o f  t h e  t h r e e  b i n a r y  compounds, GaAs, InP  and  
InA s. A l i n e a r  a p p ro x im a t io n  f o r  E^ and E^+ A* a s  a  f u n c t i o n  o f  a l l o y
c o m p o s i t io n  i s  g iv e n  by t h e  f o l l o w i n g  e x p r e s s i o n s :
Eo = E( rj-c ) -E (  r8v) = 4 .7 2  -  0 . 257y ( 3 .1 3 )
Eq+ a'  = E( fgc ) -E (  ^8V)= 4 .7 9  -  0 . l 6 2 y  ( 3 .1 4 )
The m easu red  v a lu e  o f  Eq+ A re m a in s  a lm o s t  c o n s t a n t  a s  a  f u n c t i o n  o f  a l l o y  
c o m p o s i t io n  and th e  i n t e r p o l a t e d  v a l u e s  p r e d i c t  a  s l i g h t  d e c r e a s e  w i th  y .  
N e v e r t h e l e s s ,  t h e  i n t e r p o l a t e d  v a lu e s  seem to  be a  good a p p ro x im a t io n  f o r  
b o th  E^ and Eq+A*.
3 .6  E l e c t r o n  e f f e c t i v e  ma s s
The low te m p e r a tu r e  v a l u e s  o f  t h e  e l e c t r o n  e f f e c t i v e  m a sse s  f o r  t h e  
compound s e m ic o n d u c to r s  i s  g iv e n  i n  t a b l e  3 . 2 .  The e l e c t r o n  e f f e c t i v e  mass 
i n  t h e  q u a t e r n a r y  a l l o y  h a s  been  m easu red  a s  a  f u n c t i o n  o f  a l l o y  
c o m p o s i t io n  by v a r i o u s  g ro u p s  u s in g  d i f f e r e n t  t e c h n i q u e s .  These t e c h n i q u e s  
a r e  t h e  S h ubn ikov -de  Hass e f f e c t  [ 8 2 ] ,  m agnetophonon r e s o n a n c e  [ 8 3 ] ,  
c y c l o t r o n  r e s o n a n c e  [8 4 ]  and i n t e r b a n d  m a g n e to a b s o r p t io n  [ 7 8 , 7 9 ] .  N ic h o la s  
e t  a l  [ 8 4 ]  have  found t h a t  t h e  c o m p o s i t io n  dependence  o f  t h e  e l e c t r o n  
e f f e c t i v e  mass can  be f i t t e d  to  t h e  f o l l o w i n g  l i n e a r  e x p r e s s i o n :
m*/m = 0 .0 8 0  -  0 .0 3 9  y ( 3 .1 5 )
The e l e c t r o n  e f f e c t i v e  mass i n  t h e  q u a t e r n a r y  a l l o y  and i t s  p r e s s u r e  
d ep en d en ce  w i l l  be  d i s c u s s e d  f u r t h e r  i n  c h a p t e r  6 .
3 .7  V a lence  band p a ra m e te r s
C y c lo t ro n  r e s o n a n c e  m easu rem en ts  o f  h o l e s  i n  I I I - V  compounds h a v e  b een  
re v ie w e d  by S t r a d l i n g  [ 8 6 ] .  M easurem ents  o f  t h e  h o l e  e f f e c t i v e  m a s s e s  h a v e  
been  made i n  t h e  [1 0 0 ]  and [111 ]  d i r e c t i o n s  f o r  GaAs, InP , InSb and GaSb. 
The m easu red  l i g h t  h o l e  e f f e c t i v e  mass i s  t h e  same i n  b o th  d i r e c t i o n s  f o r
all the compounds studied. The light hole effective mass and the heavy
h o l e  e f f e c t i v e  m asses  i n  t h e  [1 0 0 ]  and [1 1 1 ]  d i r e c t i o n s  f o r  GaAs and InP
a r e  l i s t e d  i n  t a b l e  3*3 . The heavy  h o l e  band shows a l a r g e  a n i s o t r o p y  a s  
can  be s e e n  from  th e  l a r g e  d i f f e r e n c e  i n  t h e  m easu red  v a l u e s  o f  m ^ d o o )  and 
mh (111 )  f o r  GaAs. From th e  v a l u e s  o f  t h e s e  m easu red  e f f e c t i v e  m a s s e s ,  m- ,^ 
m^dOO) and m ^ l l l ) ,  t h e  L u t t i n g e r  p a r a m e te r s  Yp Y2 anc* Y3 and h en ce  A, 
and can  be  d e te rm in e d  ( [1 4 ] ,p 3 0 3 4 )  . These  c a l c u l a t e d  v a l u e s  a r e  a l s o  
l i s t e d  i n  t a b l e  3 . 3 .  The v a lu e  o f  Y1 t h u s  o b t a i n e d  f o r  InP  i s  i n  good 
a g re e m e n t  w i th  t h e  v a lu e  o f  Y1= 5 .1 5 ± 0 .0 5  o b t a i n e d  by Rochon and F o r t i n  [ 8 7 ] 
from  m a g n e t o - o p t i c a l  a b s o r p t i o n  m e a s u re m e n ts .  Rochon and F o r t i n  h av e  a l s o  
d e te rm in e d  Y2 and Y3 assum ing  an a n i s o t r o p y  f a c t o r  o f  (Y3 -Y2) e q u a l  t o  0 . 7  
from  l a w a e t z ' s  t h e o r y  [ 1 0 ] ,  w hich  i s  much l a r g e r  th a n  t h a t  c a l c u l a t e d  from 
t h e  m easu red  e f f e c t i v e  m a s s e s .  In  GaP, c y c l o t r o n  m easu rem en ts  o f  t h e  h o l e  
e f f e c t i v e  m asse s  a r e  r e p o r t e d  [ 8 6 ]  o n ly  f o r  t h e  [1 1 1 ]  d i r e c t i o n  and t h e s e  
a r e  m1=o.16m  and mh ( 111) = 0 .5 4 m .M a g n e to - o p t ic a l  m easu rem en ts  i n  InAs [ 8 8 ]  
have  g iv e n  a  v a lu e  o f  m-^=0.026m. T here  i s  no d i r e c t  m easu rem en t o f  t h e  
h e a v y  h o l e  e f f e c t i v e  mass o f  InA s. In  t h e  l i t e r a t u r e  [ 8 9 ] ,  a  h e a v y  h o l e  
e f f e c t i v e  mass o f  m^rO^Om i s  o f t e n  c i t e d  f o r  InA s. However, i t  i s  t o  be
n o te d  t h a t  t h e  a u t h o r s  o f  t h i s  a r t i c l e  [ 8 8 ]  assumed a v a lu e  f o r  mh from  t h e
t h e n  m easu red  v a lu e  o f  mh i n  In S b .  S in c e  t h e n  mh f o r  InSb h a s  been  r e v i s e d  
and m easu red  f o r  d i f f e r e n t  d i r e c t i o n s  [ 8 6 ] .  I t  i s  im p o r t a n t  t o  n o t e  t h a t  
a l l  t h e  e f f e c t i v e  m asse s  c i t e d  h e r e  a r e  t h e  u n c o r r e c t e d  c y c l o t r o n  e f f e c i v e  
m asse s  i . e .  t h e  m easu red  m asses  w i th o u t  c o r r e c t i o n  b e in g  a p p l i e d  f o r  t h e  
p o l a r o n  e n h an cem en t .  These u n c o r r e c t e d  m a sse s  a r e  t h o u g h t  t o  be  t h e  r i g h t  
m asse s  t o  be used  i n  c a r r i e r  t r a n s p o r t  c a l c u l a t i o n s .  The h e a v y  h o l e  band 
c o n d u c t i v i t y  e f f e c t i v e  m ass ,  mc j1, and t h e  combined d e n s i t y - o f - s t a t e s  
e f f e c t i v e  m ass ,  m ^  a r e  c a l c u l a t e d  from  th e  e x p r e s s i o n s  g iv e n  i n  c h a p t e r  2 
and  a r e  l i s t e d  in  t a b l e  3 . 3  f o r  InP  and  GaAs. The l i g h t  h o l e  band 
c o n d u c t i v i t y  e f f e c t i v e  m ass ,  mcl>  i s  t a k e n  t o  be  t h e  same a s  t h e  m easu red  
ml ,  s i n c e  t h e  a n i s o t r o p y  o f  t h i s  band i s  n e g l i g i b l e .
Table 3.3 Valence band parameters of GaAs, InP and GaQ l^Ing 5 3 AS
GaAs InP Ga.4 7 I n .5 3 As
0 . 085a
mj/m •u 0 . I2a , c 0 .0 5 0 3 d
0 .0 8 2 °
mh (100)/m 0 .4 6 5 a 0 .5 6 a 0 .4 6 5 d
mh ( i l l ) / m 0 . 595a 0 . 60a 0 .6 0 d
Y,=A 6 .85 5 .0 3 1 1 .01d
Y2 2 .3 4 1 .62
4 . 1 8d
y3 2 .5 8 1 .6 8 4 . 84d
Bd 4 .6 8 3 .2 4 8 .3 6 d
Cd 3 .7 6 1 .54 8 .4 5 d
mch /m 0 .5 2 5 0 .5 8 2 0 .4 9 5
mdh/m 0 .5 3 6 0 .5 8 2 0 .5 6 3
md/m 0 .5 5 8 0 .6 1 8 0 .5 7 3
a )  r e f  [8 6 ] b) r e f  [9 0 ] c) r e f [ 8 7 ] d) r e f  [
* c a l c u l a t e d by t h e  a u th o r u n l e s s  o t h e r w i s e  s t a t e d .
A la v i  e t  a l  [7 9 ]  have  e x p e r i m e n t a l l y  d e te rm in e d  th e  v a l e n c e  band 
p a r a m e te r s  f o r  Gag ijylnQ 53AS and t h e s e  a r e  l i s t e d  i n  t a b l e  3»3« T h e re  i s  
o n ly  one m easurem ent [ 7 8 ] o f  t h e  h eav y  h o l e  e f f e c t i v e  m ass ,  mh ( 1 0 0 ) ,  f o r  
t h e  q u a t e r n a r y  a l l o y  a t  t h e  c o m p o s i t io n  y = 0 .5 2 .  Thus, i t  i s  n e c e s s a r y  t o  
a d o p t  an  i n t e r p o l a t i o n  p r o c e d u re  t o  d e te r m in e  t h e  v a le n c e  band p a r a m e t e r s
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for the alloy Gaxln^x AsyPj.y
a s  a  f u n c t i o n  o f  a l l o y  c o m p o s i t i o n .  S in c e  n o t  a l l  t h e  L u t t i n g e r  p a r a m e te r s  
a r e  a v a i l a b l e  f o r  t h e  c o n s t i t u e n t  b i n a r y  compounds, y i , Y2 anc* Y3 a r e  
l i n e a r l y  i n t e r p o l a t e d  be tw een  t h e i r  v a l u e s  i n  InP (y=0) and GaQ ljylnQ 53AS 
( y = 1 ) .  The l i n e a r l y  i n t e r p o l a t e d  L u t t i n g e r  p a r a m e te r s  f o r  t h e  q u a t e r n a r y  
a l l o y  a r e  g iv e n  by t h e  f o l l o w in g  e x p r e s s i o n s :
Y1 = 5 .0 3  + 5 .9 8  y
Y2 = 1 .6 2  + 2 . 5 6  y ( 3 .  16)
Y3 = 1. 68 + 3 .1 6  y
The l i g h t  h o l e  e f f e c t i v e  mass c a l c u l a t e d  from t h e s e  i n t e r p o l a t e d  v a l u e s  o f
L u t t i n g e r  p a r a m e te r s  ( s o l i d  l i n e )  i s  compared w i th  t h e  m easu red  v a l u e s  
( sy m b o ls )  i n  f i g u r e  3 . 5 .  The d o t t e d  l i n e  i n  t h i s  f i g u r e  i s  o b t a i n e d  from 
th e  l i n e a r  i n t e r p o l a t i o n  ( e q u a t io n  3 . 2 ) o f  t h e  m easu red  l i g h t  h o l e  
e f f e c t i v e  m asse s  i n  t h e  c o n s t i t u e n t  b i n a r y  com pounds. B oth  t h e s e  c u r v e s  
g i v e  a  r e a s o n a b l e  a p p ro x im a t io n  f o r  t h e  m easu red  l i g h t  h o l e  e f f e c t i v e  mass 
a s  a  f u n c t i o n  o f  c o m p o s i t io n .  However, t h e  L u t t i n g e r  p a r a m e t e r s  a r e  u s e f u l  
to  c a l c u l a t e  t h e  h eav y  h o l e  e f f e c t i v e  m a s s e s ,  d e n s i t y  o f  s t a t e s  e f f e c t i v e  
mass and th e  c o n d u c t i v i t y  e f f e c t i v e  m ass ,m ch ( c h a p t e r  2 ) .  The
c a l c u l a t e d  v a lu e s  o f  m ^  and m^ f o r  t h e  q u a t e r n a r y  a l l o y  a s  a  f u n c t i o n
o f  c o m p o s i t io n  a r e  shown i n  f i g u r e  3 . 6 .  The m^dOO) v a lu e  f o r  y= 0 .5 2  
c o m p o s i t i o n ,  d e te rm in e d  from th e  i n t e r p o l a t e d  L u t t i n g e r  p a r a m e t e r s  i s  0.49m 
and i s  i n  good a g reem en t  w i th  t h e  e x p e r im e n ta l  v a lu e  o f  (0 .4 5 + 0 .0 5 )m  
r e p o r t e d  by A la v i  e t  a l  [ 7 8 ] .
3 .8  Phonon s p e c t r a
The phonon s p e c t r a  o f  I I I - V  compounds have  been  s t u d i e d  e x t e n s i v e l y  
and a r e  d i s c u s s e d  in  a  r e v ie w  a r t i c l e  by M i t r a  [ 9 1 ] .  Trommer e t  a l  have  
m easu red  th e  p r e s s u r e  dependence  o f  t h e  LO and TO phonon f r e q u e n c i e s  i n  InP
[9 2 ]  and GaAs [9 3 ] •  The p r e s s u r e  c o e f f i c i e n t  o f  t h e  phonon f r e q u e n c i e s  i n  
GaP h a s  been  i n v e s t i g a t e d  by R i c h t e r  e t  a l  [ 9 4 ]  and W e in s te in  and 
P i e r m a r i n i  [ 9 5 ] .  However, t h e r e  i s  no su ch  m easurem ent r e p o r t e d  on InA s. 
The r e p o r t e d  v a l u e s  o f  w t  an(j t h e i r  p r e s s u r e  c o e f f i c i e n t s  f o r  t h e
b i n a r y  a l l o y s  a r e  l i s t e d  in  t a b l e  3 . 4 .  The a tm o s p h e r ic  p r e s s u r e  v a l u e s  o f  
t h e  phonon f r e q u e n c i e s  f o r  InAs a r e  t a k e n  from r e f e r e n c e  [ 4 1 ] .
T a b le  3 . 4  Phonon f r e q u e n c i e s  and t h e i r  p r e s s u r e  c o e f f i c i e n t s
W1
(cm“ ^ )
w t
(cm“ 1 )
d w x/d P  
(cm“ 1 /k b a r )
d w t /d P  
(cm“ 1 / k b a r )
GaAs 2 9 1 .8 2 6 8 .3 0 .4 3 4 0 .4 3 2
InP 34 4 .5 3 0 3 .3 0 .5 2 5 0 .5 6 5
GaP 4 0 3 .0 36 7 .3 0 .4 3 0 .4 5
InAs 2 3 8 .0 2 1 5 .0 - -
The phonon s p e c t r a  o f  mixed c r y s t a l s  i s  com plex a s  h a s  b e e n  shown by 
B rodsky and Lucovsky [4 1 ]  f o r  t h e  Gax i n 1__xAs a l l o y .  They o b s e rv e d  two 
d i s t i n c t  LD and TO phonon modes i n  t h e s e  a l l o y s .  One s e t  o f  f r e q u e n c i e s  
(LO & TO) d e c r e a s e s  from th e  GaAs v a l u e s  to w a rd s  t h e  InAs LO phonon 
f r e q u e n c y  and a r e  named th e  ’G aA s-l ike*  modes. The se co n d  s e t  o f  
f r e q u e n c i e s  (LO & TO) s h i f t s  m o n o to n i c a l ly  from  InAs v a l u e s  to w a rd s  a  l o c a l  
• im p u r i ty *  mode i n  GaAs. These a r e  i d e n t i f i e d  a s  * In A s - l ik e *  m odes. T here  
have  been  s e v e r a l  m easu rem en ts  o f  t h e  phonon s p e c t r a  i n  t h e  q u a t e r n a r y  
a l l o y .  P in czu k  e t  a l  [ 9 6 ]  have  r e p o r t e d  Raman s c a t t e r i n g  s p e c t r a  and  
i d e n t i f i e d  two d i s t i n c t  modes and t h e s e  were c a l l e d  ’ I n P - l i k e *  and 
• G a l n A s - l i k e * m odes. The r e s u l t s  o f  P in czu k  e t  a l  a r e  shown i n  f i g u r e  
3 . 7 ( a ) .  The mode a t  250-275 cm“ ^ , e x t r a p o l a t e s  t o  t h e  ’G a A s- l ik e *  LO 
phonon f r e q u e n c y  i n  GaQ i ^ I n g  ^ A s  and hence  was c a l l e d  'G a ln A s - l i k e *
phonon mode. P i c k e r i n g  [4 2 ]  i d e n t i f i e d  f o u r  phonon modes i n  t h e  q u a t e r n a r y  
a l l o y  and t h e s e  c o r r e s p o n d  to  In A s- ,  GaAs-, I n P -  and G a P - l ik e  v i b r a t i o n s .  
The r e s u l t s  o f  P i c k e r i n g ’ s  a n a l y s i s  a r e  shown i n  f i g u r e  3 . 7 ( b ) .  The two 
lo w e r  f r e q u e n c y  b a n d s  a r e  due t o  InA s-  and G aA s- l ik e  v i b r a t i o n s .  The n e x t  
h i g h e s t  band i s  due t o  I n P - l i k e  phonon and th e  h i g h e s t  f r e q u e n c y  band n e a r  
340 cm“  ^ i s  a s s o c i a t e d  w i th  G a P - l ik e  v a b r a t i o n s .  The o s c i l l a t o r  s t r e n g t h s  
o f  t h e  f o u r  modes a r e  found  to  be p r o p o r t i o n a l  t o  t h e  a p p r o p r i a t e  p a i r
c o n c e n t r a t i o n s  [ 4 2 ] .  I t  i s  n o te w o r th y  t h a t  t h e  ’G a l n A s - l i k e ’ mode
i d e n t i f i e d  by P in czu k  e t  a l  i s  c l o s e  t o  t h e  f r e q u e n c y  o f  ’G a A s - l i k e '  mode
o b s e rv e d  by P i c k e r i n g  and t h e y  a r e  p r o b a b ly  t h e  same m odes.
In  t h e  c a r r i e r  m o b i l i t y  c a l c u l a t i o n s ,  i t  w i l l  be n e c e s s a r y  t o  d e a l
w i th  t h e  m u lt i-L O -p h o n o n  modes i n  o r d e r  t o  d i s c u s s  LD phonon s c a t t e r i n g  
r e a l i s t i c a l l y .  However, su c h  a p r o c e s s  w i l l  be  cumbersome a n d ,  a s  h a s  b een  
shown by Takeda e t  a l  [ 5 9 ]  and Hayes e t  a l  [ 9 7 ] ,  a  s i n g l e  e f f e c t i v e  LO 
phonon i s  a  r e a s o n a b l e  a p p ro x im a t io n  f o r  t h e  d e s c r i p t i o n  o f  LO phonon 
s c a t t e r i n g  in  t h e  q u a t e r n a r y  a l l o y .  S in c e  t h e  o s c i l l a t o r  s t r e n g t h s  o f  t h e  
modes a r e  p r o p o r t i o n a l  to  t h e  p a i r  c o n c e n t r a t i o n s ,  an  e f f e c t i v e  phonon 
f r e q u e n c y  can  be  c a l c u l a t e d  f o r  t h e  q u a t e r n a r y  a l l o y  by w e i g th i n g  th e  
b i n a r y  phonon f r e q u e n c i e s  w i th  t h e  a p p r o p r i a t e  b i n a r y  p a i r  c o n c e n t r a t i o n  a s  
p e r  e q u a t i o n  3 . 2 .  The p r e s s u r e  c o e f f i c i e n t  o f  t h e  e f f e c t i v e  phonon 
f r e q u e n c y  can  be  c a l c u l a t e d  i n  a  s i m i l a r  way by u s in g  e q u a t i o n  3 - 4  and  th e  
p r e s s u r e  c o e f f i c i e n t s  o f  t h e  phonon f r e q u e n c i e s  o f  t h e  b a n a r y  compounds 
l i s t e d  i n  t a b l e  3 . 4 .
N ic h o la s  e t  a l  [8 3 ]  have  r e p o r t e d  t h e  o b s e r v a t i o n  o f  m agnetophonon  
o s c i l l a t i o n s  i n  t h e  t r a n s v e r s e  r a a g n e to r e s i s t a n c e  i n  t h e  q u a t e r n a r y  a l l o y .  
They were a b l e  t o  r e s o l v e  two s e r i e s  o f  o s c i l l a t i o n s  i n  t h e  a l l o y  r a n g e  
0 .5 4  < y < 0 .8 4  and t h e s e  c o r r e s p o n d  to  ' I n P - l i k e '  and 'G a l n A s - l i k e '  LO 
phonon m odes. Thus i t  a p p e a r s  t h a t  t h e  e l e c t r o n s  c o u p le  s t r o n g l y  t o  t h e s e
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two modes in the quaternary alloy.
^a o .4 7 ^ n o 53^s> N ic h o la s  e t  a l  [ 8 3 ] have  i d e n t i f i e d  o n ly  one s e r i e s
-I
o f  o s c i l l a t i o n s  c o r r e s p o n d in g  to  th e  ’G a A s - l ik e '  mode a t  271 cm . 
A l th o u g h ,  r e c e n t l y  S a rk a r  e t  a l  [9 8 ]  have  been  a b l e  t o  r e s o l v e  t h e  two 
s e r i e s  o f  o s c i l l a t i o n s  c o r r e s p o n d in g  to  t h e  two m odes, t h e i r  r e s u l t s  show 
t h a t  t h e  s e r i e s  o f  o s c i l l a t i o n s  due to  I n A s - l i k e  phonons a r e  weak and were 
n o t  o b s e rv e d  i n  a l l  t h e  s a m p le s .  S i m i l a r  r e s u l t s  s u g g e s t i n g  t h a t  t h e  
e l e c t r o n s  c o u p le  more s t r o n g l y  t o  ’G a A s - l ik e '  phonons h av e  been  r e p o r t e d  by 
Shah e t  a l  [ 9 9 ] .  Thus t h e  e v id e n c e  f o r  t h e  e l e c t r o n - p h o n o n  i n t e r a c t i o n  
b e in g  dom ina ted  by th e  G a A s- l ik e  mode i n  Ga0>47I n 0 53As i s  q u i t e  s t r o n g .
3 .9  E l a s t i c  c o n s t a n t s  and th e  a v e ra g e  sound v e l o c i t y
The e l a s t i c  c o n s t a n t s ,  j t and t h e i r  p r e s s u r e  c o e f f i c i e n t s  h av e  been  
m easu red  in  GaAs [ 1 0 0 ] ,  InP [101 ]  and GaP [1 0 1 ] .  In t h e  c a s e  o f  InAs o n l y  
a tm o s p h e r ic  p r e s s u r e  d a t a  i s  a v a i l a b l e  [ 1 0 2 ] .  The v a l u e s  o f  and
d C i j /d P ,  where a v a i l a b l e ,  a r e  l i s t e d  i n  t a b l e  3*5 f o r  t h e  f o u r  b i n a r y  
compounds. U n f o r tu n a t e l y ,  t h e r e  have  been  no m easu rem en ts  o f  t h e  e l a s t i c  
c o n s t a n t s  i n  t h e  q u a t e r n a r y  a l l o y .  Hakki e t  a l  [1 0 3 ]  have  r e p o r t e d  t h e  
m easu rem en ts  o f  t h e  e l a s t i c  c o n s t a n t s  i n  t h e  Ga i n -  p a l l o y  and t h e s eX 1 X
a u t h o r s  f i n d  t h a t  t h e  v a l u e s  o f  deduced  from th e  l i n e a r  i n t e r p o l a t i o n  
scheme a g re e  v e r y  w e l l  w i th  t h e  e x p e r i m e n t a l  d a t a  a s  a  f u n c t i o n  o f  a l l o y  
c o m p o s i t i o n .  Thus, t h e  and d C ^ j /d P  v a lu e s  f o r  t h e  q u a t e r n a r y  a l l o y
were i n t e r p o l a t e d  u s in g  e q u a t i o n s  3 .2  and 3 . ^  r e s p e c t i v e l y .  The r e s u l t s  o f  
t h e s e  c a l c u l a t i o n s  a r e  shown i n  f i g u r e s  3 .8 ( a )  and 3 . 8 ( b ) .  The b u lk  
m odu lus ,  Bu> i s  r e l a t e d  to  t h e  e l a s t i c  c o n s t a n t s  by t h e  e x p r e s s i o n ,
Bu = (C.|-j+2C.J2) ^ ^ (3 .  17)
T a b le  3 .5  E l a s t i c  p a r a m e t e r s ,  v a le n c e  band d e fo r m a t io n  p o t e n t i a l s  
and t h e i r  p r e s s u r e  c o e f f i c i e n t s  f o r  GaAs, GaP, InAs and InP .
GaAs GaP InAs InP
C-j-j ( k b a r ) 118 7 . 7a 1 3 7 5 .ob 8 3 2 .9 ° 1 0 3 4 .0b
C-J2 (k b a r ) 5 3 7 .2a 5 9 3 . 6b 4 5 2 .6 ° 5 8 3 . 1b
C4i| (k b a r ) 5 9 4 .4a 7 2 2 . 4b 3 9 5 .9 ° 411 . 3b
C-L ( k b a r ) 14 0 3 .0 1640.4 9 9 7 .5 1182 .7
( k b a r ) 4 8 6 .7 5 8 9 .7 3 1 3 .6 3 3 7 .0
u (1 0 b cm /sec ) 3 .8 6 4 4 .771 3.091 3 .5 9 6
d C ^ / d P 4 .6 3 a 5 . 40b - 4 . 50b
dC12/d P 4 .4 2 a 5 .  93b - 5 . 07b
dC44/DP 1 . 10a 1 . 24b - 0 .  26b
d u /d P  ( c m /s e c -k b a r ) 3 0 2 .3 3 9 0 .9 - 2 4 4 .0
K (1 0 “ ^ /k b a r ) 1.31 1 .16 1 .70 1 .35
dK/dP (10~6/ k b a r 2 ) - 7 . 7 - 7 . 7 - - 8 .8 4
Ea c  (eV) 3 .51 3 .4 4 3 .1 8 3 .6 4
En p o ^ ) 6 .2 6 6 .7 3 7 .1 6 5 .9 3
*1 3 .1 8 3 .8 3 5 .0 6 2 .6 6
dEa c /d P  (meV/kbar) 1 .96 2 .0 3 - 3 -63
dEnpo^dp (raeV /kbar) - 1 .7 0 -fO.93 - - 2 .3 5
d r| /d P - 5 .2 6 - 3 .4 6 - - 7 .4 0
a )  r e f  [1 0 0 ]  b) r e f  [1 0 1 ]  c) r e f  [1 0 2 ]
* c a l c u l a t e d  by th e  a u t h o r  u n l e s s  o t h e r w i s e  s t a t e d .
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The c o m p r e s s i b i l i t y ,  K, w hich  i s  t h e  r e c i p r o c a l  o f  t h e  b u l k  m odulus i s
l i s t e d  i n  t a b l e  3 . 5  f o r  t h e  b i n a r y  a l l o y s .  The c o m p r e s s i b i l i t y  v a l u e s  f o r
th e  q u a t e r n a r y  a l l o y  were c a l c u l a t e d  from  th e  i n t e r p o l a t e d  C. . v a l u e s .13
The a v e ra g e  sound v e l o c i t y ,  u , i s  d e f i n e d  a s  [6 1 ]
u 2 = ( 1 /3 )u *  + ( 2 / 3 ) 4  ( 3 .1 8 )
w here u^ and u^ . a r e  t h e  v e l o c i t i e s  o f  t h e  l o n g i t u d i n a l  and t r a n s v e r s e  sound
waves r e s p e c t i v e l y ,  u^ and u^ . can  be e x p r e s s e d  a s  [ 6 1 ] ,
U1 = c l ^  P* and u t  = ^ t /P *
where and Ct  a r e  t h e  e l a s t i c  c o e f f i c i e n t s  g iv e n  by [ 6 1 ] ,
2^. = 1 /5  ( '3C-j 2+ 2C12+
and
0^ = 1 /5  ( C-j^— C12+ 3 0 ^ )  (3*21 )
The c a l c u l a t e d  v a lu e s  o f  u and d u /d P  f o r  t h e  f o u r  b i n a r y  compounds a r e
l i s t e d  i n  t a b l e  3 . 5 .  F o r  th e  q u a t e r n a r y  a l l o y  t h e  a v e r a g e  sound v e l o c i t y  
and i t s  p r e s s u r e  c o e f f i c i e n t s  w ere  c a l c u l a t e d  from th e  i n t e r p o l a t e d  v a l u e s
o f  C j j  and d C j j / d P .  These r e s u l t s  a r e  shown i n  f i g u r e  3 - 9  a s  a  f u n c t i o n  o f  
a l l o y  c o m p o s i t io n .
3 .1 0  V alence  band d e fo r m a t io n  p o t e n t i a l s
The s t r e n g t h  o f  t h e  a c o u s t i c  and n o n p o la r  o p t i c a l  s c a t t e r i n g ,  w h ich  
l i m i t s  t h e  m o b i l i t y  o f  h o l e s  i n  I I I - V  compounds [ 6 1 ] ,  i s  d e te r m in e d  m a in ly
t • 1by t h e  fu n d a m e n ta l  v a le n c e  band d e f o r m a t io n  p o t e n t i a l s  a  , b ,  d and th e
» * to p t i c a l  d e fo r m a t io n  p o t e n t i a l  dQ# a  , b , d  and dQ a r e  t h e  v a l e n c e  band
( 3 .1 9 )
( 3 . 20 )
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d e fo r m a t io n  p o t e n t i a l s  i n t r o d u c e d  by P ik u s  e t  a l  [ 1 0 4 ] .  a 1 i s  t h e
d i l a t i o n a l  d e fo r m a t io n  p o t e n t i a l  r e l a t e d  to  t h e  s h i f t  o f  t h e  v a l e n c e  band 
edge  u n d e r  h y d r o s t a t i c  p r e s s u r e .  \S and d* a r e  t h e  s h e a r  d e f o r m a t io n  
p o t e n t i a l s .  The p h e n o m e n a lo g ic a l  d e fo r m a t io n  p o t e n t i a l s ,  Eac  and Enpo* 
u se d  i n  t h e  e x p r e s s io n  f o r  h o l e  s c a t t e r i n g  by a c o u s t i c  and n o n p o la r  o p t i c a l  
phonons c an  be e x p r e s s e d  i n  te rm s  o f  t h e s e  fu n d a m e n ta l  v a l e n c e  band 
d e f o r m a t io n  p o t e n t i a l s .  The v a le n c e  band s t r u c t u r e  o f  I I I - V  compounds i s  
s i m i l a r  t o  t h a t  o f  Ge [6 1 ]  and h en ce  an  e f f e c t i v e  a c o u s t i c  mode d e f o r m a t io n  
p o t e n t i a l ,  a p p r o p r i a t e  t o  low f i e l d  t r a n s p o r t  i n  p - ty p e  m a t e r i a l s  c an
be d e f i n e d  i n  a  s i m i l a r  way a s  d e f i n e d  by Lawaetz f o r  G e - l i k e  v a l e n c e  b a n d s  
[ 1 0 5 ] .  Ee f f  i s  g iv e n  by ,
Egf f  = a '2+ C j /c , .  [ b'2+ ( 1 / 2 ) d '2] ( 3 . 2 2 )
where and q a r e  t h e  e l a s t i c  c o e f f i c i e n t s  d e f i n e d  i n  t h e  p r e v i o u s
s e c t i o n .  The p h en o m en o lo g ica l  a c o u s t i c  d e fo r m a t io n  p o t e n t i a l ,  E__, i s
a C  *
r e l a t e d  to  E ^ ^  by t h e  f o l l o w in g  e x p r e s s i o n  [ 6 1 ] ,
2 I P+2\ 2
^ a o = ( — J Ee f f
w here p=C1/ c t . The p h e n o m e n o lo g ic a l  d e f o r m a t io n  p o t e n t i a l ,  ^ p o *  i s
r e l a t e d  to  t h e  o p t i c a l  d e fo r m a t io n  p o t e n t i a l ,  dQ, by t h e  e x p r e s s i o n  [ 6 1 ] ,
npo ~
C-l ( p +2)
2 P ' ^ V p
1/2
dQ ( 3 .2 4 )
w here  an(j My a r e  t h e  m asse s s  o f  t h e  a tom s i n  t h e  u n i t  c e l l , w ^  i s  t h e
a n g u la r  f r e q u e n c y  o f  t h e  zone c e n t e r  L0 phonons and a i s  t h e  l a t t i c e  
c o n s t a n t .
As d e s c r i b e d  e a r l i e r ,  a* i s  r e l a t e d  t o  th e  a b s o l u t e  s h i f t  i n  t h e  
v a l e n c e  band edge u n d e r  h y d r o s t a t i c  p r e s s u r e  and i s  d i f f i c u l t  t o  o b t a i n  
e x p e r i m e n t a l l y ,  s i n c e  m ost e x p e r im e n t s  m easu re  o n ly  c h a n g e s  i n  t h e  band 
g a p s .  However, Lawaetz [105 ]  h a s  g iv e n  a  t h e o r e t i c a l  e x p r e s s i o n  t o  
e v a l u a t e  a1 a s  f o l lo w s  :
a  = -  O.lt ( E ^ / ^ )  -  0 . 7  ( C^/Ey) ( 3 . 2 5 )
1/2
w here
and
Ev = Evh 1+<Ci /EvV ( 3 . 2 6 )
Evh = -  ( 5 . 1 7  eV) ( 5 . 4 3 / a ) 1' 31 ( 3 - 2 7 )
t O
I n  t h e s e  e q u a t i o n s  a , Ev , Ev^ and a r e  i n  eV and  a i s  i n  A. i s  t h e
h e t e r o p o l a r  e n e rg y  gap d e f in e d  by Van V echten  [ 2 0 ]  and P h i l l i p s  [ 1 9 ] .
W iley  [5 8 ]  h a s  c a l c u l a t e d  a! and hence  Ea c  and Enpo by u s in g  t h e  m ea su red
i §
v a l u e s  o f  b , d and dQ. These v a l u e s  a r e  l i s t e d  i n  r e f e r e n c e  [ 6 1 ] .  The 
p r e s s u r e  c o e f f i c i e n t s  o f  Eac  and can  be c a l c u l a t e d  from e x p r e s s i o n s
( 3 . 2 2 ) t o  ( 3 *27 ) ,  by u s in g  th e  m easu red  v a lu e s  o f  c o m p r e s s i b i l i t y  ( t a b l e  
3 . 5 ) ,  p r e s s u r e  c o e f f i c i e n t  o f  t h e  L0 phonon f r e q u e n c y  ( t a b l e  3 . ^ )  and th e  
p r e s s u r e  dependence  o f  and Cp w hich  were d i s c u s s e d  i n  t h e  p r e v i o u s
s e c t i o n .  The h e t e r o p o l a r  e n e rg y  g a p ,  Ch, and th e  v a l e n c e  band d e f o r m a t io n
* i
p o t e n t i a l s  b ,  d and dQ a r e  assumed to  be in d e p e n d e n t  o f  p r e s s u r e .  The 
v a l u e s  o f  dEa c / d p ,  d E ^ ^ / d P  and dH /d P ,  t h u s  c a l c u l a t e d  f o r  t h e  compound 
s e m ic o n d u c to r s  a r e  l i s t e d  i n  t a b l e  3 . 5 .  Note t h a t  r| i s  t h e  s q u a r e  o f  t h e  
r a t i o  o f  Enpo to  Ea c  (a p p e n d ix  3 ) .
> 1 iT here  a r e  no m easured  v a lu e s  o f  a , b , d  and dQ i n  t h e  q u a t e r n a r y  a l l o y .  
So, t h e  v a l u e s  f o r  t h e  a l l o y  were i n t e r p o l a t e d  from t h e  v a l u e s  o f  t h e s e  
p a r a m e te r s  i n  t h e  b i n a r y  compounds. The e l a s t i c  c o e f f i c i e n t s  C-^  and 
were c a l c u l a t e d  from th e  i n t e r p o l a t e d  v a l u e s  o f  C j j ' s  a s  d i s c u s s e d  in  
s e c t i o n  3 .9 .
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Thus and hence  Eac  c o u ld  be c a l c u l a t e d  a s  a  f u n c t i o n  o f  a l l o y
c o m p o s i t i o n .  In  o r d e r  t o  c a l c u l a t e  EnpQ i n  t h e  q u a t e r n a r y  a l l o y ,  M m  and 
My were o b t a i n e d  from e q u a t i o n s  3 .5  and 3 .6  r e s p e c t i v e l y .  The d e n s i t y  was 
c a l c u l a t e d  from e q u a t io n  3*7. From t h e s e  v a l u e s  o f  Mj j j  } My and p* and
th e  i n t e r p o l a t e d  v a lu e s  o f  cx , Ct  and dQ, t h e  n o n p o la r  o p t i c a l
d e f o r m a t io n  p o t e n t i a l  was c a l c u l a t e d .  The p r e s s u r e  d e p e n d e n c e s  o f  Eac> 
Enpo 311(1 H were c a l c u l a t e d  from th e  p r e s s u r e  c o e f f i c i e n t s  o f  t h e
p a r a m e te r s  a p p e a r in g  i n  e q u a t i o n s  (3*22 )  to  (3 * 2 7 ) .  As f o r  compound 
1 *s e m ic o n d u c to r s ,  b ,  d ,  dQ and w ere  assumed to  be in d e p e n d e n t  o f  p r e s s u r e .  
The c a l c u l a t e d  v a lu e s  o f  Ea c  and En p0 and t h e i r  p r e s s u r e  d e p en d en ce  a s  a  
f u n c t i o n  o f  a l l o y  c o m p o s i t io n  a r e  shown i n  f i g u r e s  3 . 10 (a)  and 3 * 10(b) 
r e s p e c t i v e l y .
3.11 D i e l e c t r i c  c o n s t a n t s
The s t a t i c  and h ig h  f re q u e n c y  d i e l e c t r i c  c o n s t a n t s  e n t e r  i n t o  t h e  
e q u a t i o n s  f o r  t h e  o p t i c a l  phonon s c a t t e r i n g  and th e  p o la r o n  e f f e c t i v e  mass 
( a p p e n d ix  3 ) .  The s t a t i c  d i e l e c t r i c  c o n s t a n t ,  e i s  r e l a t e d  to  t h e  h i g h  
f r e q u e n c y  d i e l e c t r i c  c o n s t a n t ,  £m by  t h e  L y d d a n e -S a c h s -T e l le r  r e l a t i o n ,
£ 0 / £ a  = ( 3 . 2 8 )
The h ig h  f re q u e n c y  d i e l e c t r i c  c o n s t a n t  i s  e q u a l  to  t h e  s q u a r e  o f  t h e  
r e f r a c t i v e  in d e x ,  n ,  and hence
1 d £ m 2 dn
-  — = ------- ( 3 . 2 9 )
£o> dP n dP
E q u a t io n s  (3*28) and ( 3 .2 9 )  can be u sed  to  c a l c u l a t e  t h e  p r e s s u r e  
dep en d en ce  o f  t h e  d i e l e c t r i c  c o n s t a n t s  from  th e  m easured  v a l u e s  o f  t h e  
p r e s s u r e  c o e f f i c i e n t s  o f  t h e  L0 and TO phonon f r e q u e n c i e s  and th e  p r e s s u r e
c o e f f i c i e n t  o f  t h e  r e f r a c t i v e  i n d e x .  Samara [106 ]  h a s  r e p o r t e d  
m easu rem en ts  on t h e  p r e s s u r e  d e pendence  o f  s t a t i c  d i e l e c t r i c  c o n s t a n t  i n  
GaAs and GaP. These e x p e r im e n ta l  v a l u e s  a r e  l i s t e d  i n  t a b l e  3 . 6 .  I t  i s  t o  
be n o te d  t h a t  t h e  v a l u e s  o f  d£Q/d P  c a l c u l a t e d  a s  s u g g e s te d  above  a r e  i n  
good a g re e m e n t  w i th  t h e  e x p e r im e n ta l  r e s u l t s  o f  Sam ara. In  t a b l e  3*6 t h e  
m easu red  v a l u e s  o f  dnVdP and  th e  c a l c u l a t e d  v a l u e s  o f  d i e l e c t r i c  c o n s t a n t s  
a r e  l i s t e d  f o r  t h e  b i n a r y  compounds. S in c e  t h e r e  a r e  no r e p o r t e d  
m easu rem en ts  o f  phonon f r e q u e n c i e s  i n  InAs a s  a  f u n c t i o n  o f  p r e s s u r e ,  t h e  
d£c /d P  v a lu e s  c o u ld  n o t  be c a l c u l a t e d  f o r  t h i s  compound.
T a b le  3 . 6  D i e l e c t r i c  c o n s t a n t s  and t h e i r  p r e s s u r e  c o e f f i c i e n t s  f o r  some 
o f  t h e  b i n a r y  compounds
£o CO
d £ 0/d P d V d P O /n 'ld n /d p
( i n 10 k b a r" 1 )
GaAs 1 2 .85a 1 0 .88a - 2 2 . 51b
- 1 5 . 23s  
- 1 5 .8 9 h
- 0 . 7C
InP 1 2 .35e 9 .5 2 e -18 .28® -7 .62® - 0 .  4d
InAs 1 4 .55f 1 1 .87f — -16 .52® - 0 . 7 d
GaP 1 1 . 11b 9 . 11b
=rCOt—l
- 5 .47®
- 6 .8 3 h
- 0 . 3 d
a )  r e f  [ 8 ]  b) r e f  [106 ]  c) r e f  [107 ]  d) r e f  [ 2 3 ]
e)  r e f  [1 0 8 ]  f )  r e f  [109 ]  g) deduced  from (1 /n') (dn '/dP)
h) deduced from th e  e x p e r im e n ta l  ( 1 / c Q) ( d £ Q/d P )
The dielectric constants and their pressure coefficients for the
q u a t e r n a r y  a l l o y  can  be  o b t a i n e d  from  t h e  i n t e r p o l a t i o n  scheme d i s c u s s e d  in  
s e c t i o n  3 . 2 .  The a tm o s p h e r ic  p r e s s u r e  v a l u e s  o f  eQ and £„  can  be
c a l c u l a t e d  from e q u a t i o n  3 .2  u s in g  th e  v a l u e s  f o r  t h e  b i n a r y  compounds
l i s t e d  i n  t a b l e  3 . 6 .  However, f o r  t h e  p r e s s u r e  c o e f f i c i e n t s  o f  £ and £mO
fo rm u la  3 .4  n e e d s  t o  be used  s i n c e  t h e  p r e s s u r e  c o e f f i c i e n t s  o f  t h e
d i e l e c t r i c  c o n s t a n t s  f o r  InAs a r e  n o t  a v a i l a b l e .
3 .1 2  F r o h l i c h  c o u p l in g  c o n s t a n t
In  t h e  s tu d y  o f  t r a n s p o r t  and o p t i c a l  p r o p e r t i e s  o f  p o l a r
s e m ic o n d u c to r s ,  i t  i s  im p o r t a n t  t o  c o n s i d e r  t h e  i n t e r a c t i o n  be tw een  t h e  LO
phonons and th e  e l e c t r o n s  [ 1 1 0 ] .  T h is  i n t e r a c t i o n  i s  d e s c r i b e d  by t h e
F r o h l i c h  c o u p l in g  c o n s t a n t \
1
£
where m i s  t h e  ’ b a re  m a s s ’ o f  t h e  e l e c t r o n  a s  d e f i n e d  i n  c h a p t e r  2 .  From 
th e  known v a l u e s  o f  th e  p a r a m e te r s  i n  e q u a t i o n  3*30, i s  c a l c u l a t e d  f o r  
GaAs, InP and InAs t o  be 0 .0 7 1 ,  0 .1 2  and  0 .0 5 5  r e s p e c t i v e l y .  U sing t h e  
p r e s s u r e  c o e f f i c i e n t s  o f  £q and , t h e  p r e s s u r e  c o e f f i c i e n t  o f
* .can  be c a l c u l a t e d  from e q u a t i o n  3 .3 0 ,  i f  t h e  p r e s s u r e  d e p e n d en c e  o f  m i s
£
known. From th e  dm /d P  v a lu e s  d e te r m in e d  i n  t h i s  work d°<j/dP h a s  b e e n  
c a l c u l a t e d  and t h e s e  r e s u l t s  a r e  g iv e n  i n  c h a p t e r  5 .  B ecause  o f  t h e  
c o m p le x i ty  o f  t h e  phonon s p e c t r a  i n  t h e  a l l o y s ,  t h e  e l e c t r o n - p h o n o n  
c o u p l in g  i s  e x p e c te d  to  v a r y  i n  a  complex way a s  a  f u n c t i o n  o f  t h e  a l l o y  
c o m p o s i t i o n .  The t h e o r y  o f  p o l a r o n  i n t e r a c t i o n  i n  t h e  t e r n a r y  a l l o y s  w here  
t h e r e  a r e  two L0 phonons p r e s e n t  was f i r s t  c o n s id e r e d  by N ic h o la s  e t  a l  
[3 2 ]  who d e f i n e d  a v a lu e  o f  f o r  e a c h  o f  t h e  phonon m odes .  R e c e n t l y ,  
S w ierkow ski e t  a l  [1 1 1 ]  have  d e r i v e d  e x p r e s s i o n s  f o r  th e  two c o u p l i n g
1 1
£ co £ o
( 3 .3 0 )
c o n s t a n t s  i n  a  t e r n a r y  a l l o y ,  u s i n g  an a p p ro a c h  p ro p o se d  by Toyozawa [ 1 1 2 ] .  
The c o u p l in g  c o n s t a n t s  and c* f2  c o r r e s p o n d in g  to  t h e  two phonons i s
g iv e n  by t h e  f o l l o w in g  e x p r e s s i o n s  [1 1 1 ]  :
o c
f1  "
oC
f  2 =
2h W
2 2 
Wt 2 "  W11
2 2 
W1 2 "  W11
2 2 W „ .  W12 ‘ t1
w 12 “ W11,
( 3 .3 1 )
( 3 .3 2 )
w here w -^  and  a r e  t h e  two LO phonon f r e q u e n c i e s  p r e s e n t  i n  t h e  a l l o y .
Wj-1 and r e p r e s e n t  t h e  c o r r e s p o n d in g  TO phonon f r e q u e n c i e s .  U sing th e
above  e q u a t i o n s  , <Xf  f o r  t h e  V G aA s-like ' and th e  ! I n A s - l i k e f modes a r e  
c a l c u l a t e d  f o r  t h e  a l l o y  47I n 0#53As and th e y  a r e ,
oC,GaAs -  0*0^3 and °^ Jn A s ~ 0»019
The f o l l o w i n g  v a lu e s  o f  t h e  phonon f r e q u e n c i e s  were used  [ 8 2 ] :
'InAs* mode GaAs mode1
Wi CO,
245 cm"1 226 cm"1
CO­ CO,
271 cm-1 254 cm"1
To th e  a u th o r * s  know ledge t h e r e  a r e  no c a l c u l a t i o n s  o f  t h e  p r e s e n t e d
in  l i t e r a t u r e  f o r  t h e  q u a t e r n a r y  a l l o y .  The * In P - l ik e *  and t h e  *G aA s-like*  
modes a r e  t h e  dom inan t modes i n  t h i s  a l l o y  a s  h a s  been  b o rn e  o u t  by  t h e  
Raman s c a t t e r i n g  e x p e r im e n ts  and th e  m agnetophonon m easu rem en ts  d i s c u s s e d  
in  s e c t i o n  3 . 8 .  Thus, a ssum ing  t h a t  o n ly  t h e s e  two modes c o u p le  t o  t h e  ID 
p h o n o n s ,  e q u a t i o n s  3*31 and  3 .3 2  can  be u sed  to  c a l c u l a t e  and  c<Qa ^s
f o r  t h e  q u a t e r n a r y  a l l o y .
CHAPTER 4
E x p e r im e n ta l  t e c h n iq u e s
4 .1  I n t r o d u c t i o n
S e v e r a l  e x p e r im e n ta l  t e c h n i q u e s  were u sed  i n  t h e  i n v e s t i g a t i o n s  o f  t h e  
p r o p e r t i e s  o f  s e m ic o n d u c to r s  r e p o r t e d  i n  t h i s  t h e s i s .  The m ea su rem e n ts  
u n d e r ta k e n  were h ig h  p r e s s u r e  m agnetophonon e f f e c t  a t  room t e m p e r a t u r e  and 
be low , H a l l  e f f e c t  and r e s i s t i v i t y  a s  a  f u n c t i o n  o f  t e m p e r a tu r e  (77K t o  
480K), p r e s s u r e  and d o p in g  d e n s i t y ,  and b and -gap  p h o t o c o n d u c t i v i t y  a s  a 
f u n c t i o n  o f  p r e s s u r e .  M ethods o f  p r e p a r i n g  sam p les  f o r  t h e s e  m easu rem en ts  
a r e  d e s c r i b e d  in  s e c t i o n  4 . 2 .  The van  d e r  Pauw c l o v e r  l e a f  t e c h n i q u e  f o r  
H a l l  e f f e c t  and r e s i s t i v i t y  m easu rem en ts  i s  d e s c r i b e d  i n  s e c t i o n  4 . 3 .  The 
e x p e r im e n ta l  t e c h n iq u e  f o r  r e c o r d i n g  m agnetophonon o s c i l l a t i o n s  ( s e c t i o n  
4 .4 )  and p h o t o c o n d u c t i v i t y  ( s e c t i o n  4 . 5 )  a r e  a l s o  d e s c r i b e d .  Two t y p e s  o f  
h ig h  p r e s s u r e  a p p a r a tu s  were used  ; t h e  p i s t o n - a n d - c y l i n d e r  a p p a r a t u s  f o r  
p r e s s u r e s  up t o  8 k b a r  and th e  Bridgman a n v i l  sy s tem  f o r  h i g h e r  p r e s s u r e s .  
C a s to r  o i l  was u sed  a s  t h e  p r e s s u r e  t r a n s m i t t i n g  medium i n  t h e  
p i s t o n - a n d - c y l i n d e r  a p p a r a tu s  w h i le  a  s o l i d  medium, epoxy r e s i n ,  was u se d  
in  t h e  Bridgman a n v i l  h ig h  p r e s s u r e  c e l l s .  The h ig h  p r e s s u r e  s y s te m s  and 
d e t a i l s  o f  t h e  p r e p a r a t i o n  o f  t h e  s o l i d  c e l l ,  a r e  g iv e n  i n  s e c t i o n  4 . 6 .  
O p t i c a l  f i b r e s  were i n t r o d u c e d  i n t o  t h e  h ig h  p r e s s u r e  s y s te m s  t o  e n a b le  
e l e c t r i c a l  and o p t i c a l  m easu rem en ts  i n  t h e  same a p p a r a t u s .  T h is  new 
deve lopm en t h a s  opened th e  way f o r  u s in g  th e  band gap p h o t o c o n d u c t i v i t y  a s  
a p r e s s u r e  gauge i n  t h e  Bridgman a n v i l  a p p a r a t u s .  In  a l l  t h e  e x p e r i m e n t a l  
i n v e s t i g a t i o n s  w i th  Bridgman a n v i l  s y s te m s ,  t o  be d e s c r i b e d  i n  l a t e r  
c h a p t e r s  ( 5 - 9 ) ,  s o l i d  c e l l s  w i th  an  epoxy medium were u s e d .  As an  
a l t e r n a t i v e  medium, p e t r o le u m  j e l l y  ( v a s e l i n e )  was i n v e s t i g a t e d  and th e
results are presented towards the end of this chapter.
4 .2  Sample p r e p a r a t i o n
A b a r  shaped  sam ple  w i th  f o u r  e q u a l l y  sp a ce d  e l e c t r o d e s  was u sed  f o r  
t h e  m a g n e t o r e s i s t a n c e  m e a s u re m e n ts .  H a l l  e f f e c t  and r e s i s t i v i t y  
m easu rem en ts  were made on van d e r  Pauw c l o v e r  l e a f  s a m p le s ,  w i t h  f o u r  ohmic 
c o n t a c t s  p l a c e d  v e r y  c l o s e  t o  t h e  p e r i p h e r y  o f  t h e  s a m p le .  In  a l l  t h e  
e x p e r i m e n t s ,  LPE grown m a t e r i a l s  were u sed  and th e  t h i c k n e s s  o f  t h e  
c o n d u c t in g  e p i t a x i a l  l a y e r  ra n g e d  from 1 .2  pm t o  30 pm. 
P h o t o l i t h o g r a p h i c a l  t e c h n i q u e s  were used  to  d e f i n e  t h e  g e o m e try  o f  t h e  
s a m p le .  Gold b ased  a l l o y s  were u sed  to  make ohmic c o n t a c t s .  E i t h e r  
Au-Sn/Ni o r  Au-Ge/Ni was u sed  f o r  n - t y p e  m a t e r i a l s ,  w h i l e  Au-Zn/Ni was u se d  
f o r  p - ty p e  m a t e r i a l s .  The c o n t a c t  r e g i o n s  on th e  sam ple  were d e f i n e d  
p h o t o l i t h o g r a p h i c a l l y . The c o n t a c t  m e ta l  was e v a p o ra te d  on t o  t h e s e  
r e g i o n s  and a l l o y e d . F o r  n - ty p e  sa m p le s  a l l o y i n g  was done f o r  4 m in u te s  a t  
4 2 5 °C, w h i l e  t h e  p - ty p e  sa m p le s  were a l l o y e d  a t  450°C f o r  6 m in u t e s .  In  
t h e  c a s e  o f  p h ospho rous  b a sed  compounds, s p e c i a l  c a r e  was t a k e n  t o  a v o id  
t h e  l o s s  o f  phosp h o ro u s  by e v a p o r a t i o n  a t  t h e  a l l o y i n g  t e m p e r a t u r e .  Such 
sa m p le s  were a l l o y e d  in  a  g l a s s  c a p s u l e  w i th  an  I n P - l i n e d  i n t e r i o r  and w i th  
t h e i r  e p i t a x i a l  s u r f a c e  c o v e re d  by an  InP  l a y e r .  E l e c t r i c a l  c o n n e c t io n s  t o  
t h e  c o n t a c t s  were made w i th  1/1000 i n c h  g o ld  w i r e  u s in g  a Dage p r e c im a  
i n d u s t r i e s  TSB21EH p u l s e - t i p  b o n d e r .
\
4 . 3  H a l l  and r e s i s t i v i t y  m easu rem en ts
4 .3 .1  Low r e s i s t i v i t y  m a t e r i a l s
The van d e r  Pauw t e c h n iq u e  f o r  H a l l  e f f e c t  and r e s i s t i v i t y  
m easu rem en ts  r e q u i r e s  a  u n i fo r m ly  t h i c k  sam ple  w i th  f o u r  c o n t a c t s  l o c a t e d
a t  t h e  p e r i p h e r y .  A lthough  sam p les  o f  a r b i t r a r y  sh a p e  can  be  u s e d ,  c l o v e r
l e a f  s a m p le s  were u sed  i n  o r d e r  t o  r e d u c e  t h e  e r r o r s  due t o  t h e  p r e s e n c e  o f  
c o n t a c t s  [ 1 1 3 ] .  I t  i s  n e c e s s a r y  w i t h  a  van  d e r  Pauw sy s te m  t o  m ea su re  
a c r o s s  d i f f e r e n t  p a i r s  o f  c o n t a c t s  i n  o r d e r  t o  c o r r e c t  f o r  t h e  g e o m e t ry ,  
w hich  r e q u i r e s  i n t e r c h a n g i n g  c u r r e n t  and v o l t a g e  l e a d s  t o  t h e  sam ple  a s  
shown s c h e m a t i c a l l y  i n  f i g u r e  4 . 1 .  Note t h a t  o n ly  t h r e e  o f  t h e  s i x
m easu rem en ts  i l l u s t r a t e d  in  t h i s  f i g u r e  a r e  e s s e n t i a l ,  b u t  i n  p r a c t i c e  
tw e n ty  m easu rem en ts  were t a k e n ,  i n c l u d i n g  r e v e r s a l s  o f  b o th  e l e c t r i c  and 
m a g n e t ic  f i e l d .  In  e a c h  o f  t h e s e  c o n f i g u r a t i o n s ,  t h e  c u r r e n t  t h r o u g h  t h e  
b a t t e r y  c o n t a c t s  and t h e  p o t e n t i a l  d i f f e r e n c e  be tw een  and  V2 was
r e c o r d e d .  In  t h e  e x p e r im e n t  a c o n s t a n t  c u r r e n t  s u p p ly  was u s e d .  In  
p o s i t i o n s  ( e )  and ( f ) ,  t h e  p o t e n t i a l  d i f f e r e n c e  be tw een  and  V2 w i th
m a g n e t ic  f i e l d  was a l s o  m e a su re d .  The r e s i s t i v i t y ,  p ? i n ohms-cm i s  
c a l c u l a t e d  u s in g  th e  fo rm u la ,
where d i s  t h e  sam ple  t h i c k n e s s  i n  cm, R& i s  t h e  r e s i s t a n c e  i n  ohms d e f i n e d  
f o r  p o s i t i o n  ( a )  a s  R& = (V^-V2 ) / I ,  R^ i s  d e f i n e d  in  a  s i m i l a r  way f o r  
p o s i t i o n  ( b ) ,  and I  i s  t h e  c u r r e n t  i n  a m p e re s .  f ( Ra /Rk) i s  a  d i m e n s i o n l e s s  
q u a n t i t y  d e p e n d e n t  o n ly  upon th e  r a t i o  o f  R& and R^ and i s  g iv e n  
g r a p h i c a l l y  by van  d e r  Pauw [ 1 1 3 ] .  I f  Ra / Rb i s  c l o s e  t o  u n i t y ,  f ( R a /R b ) 
can be a p p ro x im a te d  by t h e  f o rm u la ,
P
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The H a l l  m o b i l i t y ,  H, i n  cm p e r  v o l t - s e c  i s  g iv e n  by
( 4 .3 )
B P
where B i s  t h e  a p p l i e d  m a g n e t ic  f i e l d  i n  g a u s s  and ARh i s  t h e  c h a n g e  i n  
r e s i s t a n c e  o f  p o s i t i o n  ( e )  o f  f i g u r e  4 .1  when t h e  m a g n e t ic  f i e l d  i s  a p p l i e d  
p e r p e n d i c u l a r  to  t h e  s a m p le .  The c u r r e n t  and v o l t a g e  s w i t c h i n g  r e q u i r e d  by 
t h e  van  d e r  Pauw t e c h n i q u e  was made th ro u g h  a s e t  o f  p rogram m able  r e l a y s .  
D ata  a c q u i s i t i o n  was o b t a i n e d  th ro u g h  an o n - l i n e  com pu te r  [ 1 1 4 ] .  
M easurem ents  i n  t h e  t e m p e r a tu r e  r a n g e  77K-490K w ere  done u s in g  a  Oxford 
i n s t r u m e n t s  DN704 c r y o s t a t .
4 . 3 . 2  High r e s i s t a n c e  m a t e r i a l s
High r e s i s t a n c e  v a l u e s  a r e  e n c o u n te r e d  when e l e c t r i c a l  p r o p e r t i e s  o f  
m a t e r i a l s  doped w i th  deep  i m p u r i t i e s  a r e  t o  be e v a l u a t e d .  In  t h i n  
e p i t a x i a l  l a y e r s  w i th  low  c a r r i e r  m o b i l i t i e s ,  even a t  m odest  c a r r i e r  
c o n c e n t r a t i o n s  t h e  r e s i s t a n c e  o f  t h e  t e s t  sam ple  c o u ld  be v e r y  h i g h .  For 
ex am p le ,  i n  Mn doped In P ,  f o r  an  e p i t a x i a l  l a y e r  t h i c k n e s s  o f  1 .5  Jim and 
f r e e  c a r r i e r  c o n c e n t r a t i o n  o f  1 x 1 0 ^  cm“ ^ , t h e  r e s i s t a n c e  b e tw e en  two
c o n t a c t s ,  a b o u t  6 mm a p a r t ,  on a  c l o v e r  l e a f  sam ple  a t  room t e m p e r a t u r e  
c o u ld  be a s  h ig h  a s  a  M O. A lso th e  r e s i s t i v i t y  i n c r e a s e s  e x p o n e n t i a l l y  
w i th  d e c r e a s i n g  t e m p e r a t u r e ,  by a b o u t  t h r e e  o r d e r s  o f  m a g n i tu d e  i n  t h e  
t e m p e r a tu r e  r a n g e  from 150 t o  400°K, t h u s  m aking m easu rem en ts  w i t h  t h e  
c o n v e n t i o n a l  i n s t r u m e n t s  and t e c h n i q u e s  a lm o s t  i m p o s s ib l e .  In  o r d e r  to  
m easu re  t h e  r e s i s t i v i t y  and m o b i l i t y  o f  s a m p le s  o f  r e s i s t a n c e  g r e a t e r  t h a n
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Figure 4 -1 Illustration of the sample connections used for taking  
resist iv ity  [ (a) to (d) ] and Hall vo l ta g e  [ (e) s  (f) 3 d a ta .
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Figure 4 . 2  Schematic  diagram of the guarded van der Pauw system.
107 ohms, more c a r e  i n  c i r c u i t  d e s ig n  i s  r e q u i r e d  and h ig h  i n p u t  im pedence  
m e te r s  su c h  a s  e l e c t r o m e t e r s  m ust be used  to  a v o id  sample l o a d i n g .
A seco n d  prob lem  i n  h ig h  r e s i s t i v i t y  m easurem ents  comes from  th e  
sam ple  l e a d s .  The H a l l  sam ple i s  i n  a  c r y o s t a t  and 2 -3  m e te r s  away from  
th e  r e s t  o f  t h e  c i r c u i t r y .  T h is  r e s u l t s  i n  s e v e r a l  th o u sa n d  p i c o f a r a d s  
b e in g  p r e s e n t  i n  t h e  c i r c u i t  a n d ,  f o r  a  sam ple  o f  r e s i s t a n c e  g r e a t e r  t h a n
O
10 ohms, t h e  t im e  c o n s t a n t  f o r  t h e  sy s tem  to  s t a b i l i z e  c o u ld  a p p ro a c h  a 
m in u te .  The i m p l i c a t i o n  i s  t h a t  a l t h o u g h  t h e  c o n v e n t i o n a l  sy s tem  i s  
t h e o r e t i c a l l y  c a p a b le  o f  m e a su r in g  sam p les  o f  r e s i s t a n c e  a p p ro a c h in g  th e  
i n p u t  im pedence  o f  t h e  v o l t m e t e r ,  i n  p r a c t i c e  i t  becomes e x c e s s i v e l y
o
t e d i o u s  t o  m easure  sam p les  o f  r e s i s t a n c e  g r e a t e r  th a n  10 ohms. F u r t h e r ,  
a t  low  t e m p e r a t u r e s  t h e  t im e  c o n s t a n t  o f  t h e  sy s tem  may e x ceed  th e  t im e  f o r  
w hich  t h e  t e m p e r a tu r e  o f  t h e  sam ple  c o u ld  be h e ld  c o n s t a n t  and hence  t h e  
m easu rem en ts  become a lm o s t  i m p o s s i b l e .
The p rob lem s i n  m e a su r in g  H a l l  e f f e c t  and r e s i s t i v i t y  i n  h ig h  
r e s i s t a n c e  sa m p le s  can  be overcom e by a  method w hich  was a d o p te d  by 
Hemenger [ 1 1 5 ] .  T h is  method in v o lv e s  t h e  u se  o f  a h ig h  i n p u t  im pedence  
u n i t y  g a in  a m p l i f i e r  be tw een  e a c h  p ro b e  on t h e  sam ple  and th e  e x t e r n a l  
c i r c u i t r y ,  t h u s  p e r m i t t i n g  m easu rem en ts  w i th  s t a n d a r d  l a b o r a t o r y  
d i f f e r e n t i a l  v o l t m e t e r s .  F u r t h e r  t h e  u n i t y  g a in  o u t p u t  i s  f e d  t o  t h e  
s h i e l d  f o r  t h a t  l i n e .  T h is  r e d u c e s  t h e  l e a k a g e  c u r r e n t s  and t h e  sy s tem s*  
t im e  c o n s t a n t  by e f f e c t i v e l y  e l i m i n a t i n g  t h e  s t r a y  c a p a c i t a n c e  i n  t h e  
l e a d s .  E l e c t r o m e te r s  can  be used  a s  u n i t y  g a in  a m p l i f i e r s  [1 1 6 ]  s i n c e  t h e y  
have  a  v e r y  h ig h  i n p u t  im p ed en ce .  However, a  s e p a r a t e  e l e c t r o m e t e r  f o r  
e a c h  c o n t a c t  p ro v e s  t o  be v e r y  e x p e n s i v e .  For t h e  p r e s e n t  w ork , h i g h  i n p u t  
im pedence  C-MOS o p e r a t i o n a l  a m p l i f i e r s  (RS 7650) were used  a s  u n i t y  g a in  
a m p l i f i e r s .  Thus t h e  c o s t  o f  t h e  a p p a r a tu s  was re d u c e d  c o n s i d e r a b l y .  
These C-MOS o p e r a t i o n a l  a m p l i f i e r s  h a v e  an  i n p u t  im pedence  o f  more t h a n
1 0 ^  ohms. The o f f s e t  v o l t a g e s  a r e  a l s o  v e r y  s m a l l ,  t y p i c a l l y  a  [IV.
However, s m a l l  o f f s e t  v o l t a g e s  i n  t h e  u n i t y  g a in  a m p l i f i e r s  c an  be
t o l e r a t e d  s i n c e  H a l l  m easu rem en ts  a r e  a lw ays  t a k e n  f o r  b o th  p o s i t i v e  and 
n e g a t i v e  m a g n e t ic  f i e l d  and t h i s  c a n c e l s  o u t  any  e r r o r s  due to  o f f  s e t  
v o l t a g e s .  As t h e  o u t p u t s  o f  t h e  u n i t y  g a in  a m p l i f i e r s  a r e  a t  low  im pedence  
l e v e l s ,  no s p e c i a l  r e q u i r e m e n t s  a r e  p la c e d  on t h e  e x t e r n a l  c i r c u i t r y .
The n e c e s s i t y  o f  i n t e r c h a n g i n g  t h e  r o l e s  o f  t h e  c u r r e n t  and v o l t a g e  
l e a d s  o f  t h e  s a m p le ,  a s  shown i n  f i g u r e  4 . 1 ,  i s  fu n d a m e n ta l  to  t h e  van  d e r  
Pauw m ethod and t h i s  r e q u i r e m e n t  i n c r e a s e s  t h e  c o m p le x i ty  o f  t h e  s y s te m .
The c o m p le x i ty  a r i s e s  b e c a u s e  t h e  same l i n e  when used  a s  a  v o l t a g e  l e a d
m ust be  c o n n e c te d  to  t h e  u n i t y  g a in  a m p l i f i e r  b u t  d i s c o n n e c te d  from i t  when 
used  a s  a  c u r r e n t  l e a d .  F ig u re  4 . 2  s c h e m a t i c a l l y  i l l u s t r a t e s  a  f u l l y  
g a u rd e d  c i r c u i t  f o r  m aking van d e r  Pauw m ea su rem e n ts .  The c o n n e c t io n s
i n d i c a t e d  c o r r e s p o n d  to  c o n f i g u r a t i o n  ( a )  o f  f i g u r e  4 . 1 ,  b u t  a l l  s i x  
c o n f i g u r a t i o n s  a r e  c o n v e n i e n t l y  a c h ie v e d  by means o f  a  s i x - s e c t i o n ,  
s i x - p o s i t i o n  r o t a r y  s w i tc h  i n s e r t e d  be tw een  t h e  dashed  l i n e s  a s  i n d i c a t e d  
in  f i g u r e  4 . 2 .  Each s e c t i o n  o f  t h e  s w i t c h  i s  r e s p o n s i b l e  f o r  one o f  t h e  
s i x  f u n c t i o n s  am m ete r , b a t t e r y ,  ammeter r e l a y ,  and b a t t e r y  r e l a y ,
w h i l e  t h e  s i x  p o s i t i o n s  on t h e  s w i t c h  c o r r e s p o n d  to  ( a )  -  ( f )  o f  f i g u r e
4 . 1 .  A s w i t c h  t o  change  t h e  d i r e c t i o n  o f  sam ple  c u r r e n t  i s  a l s o  p r o v id e d .
In  t h e  c i r c u i t  d e s c r i b e d  a b o v e ,  a l l  s w i tc h in g  i s  done on t h e  low  
im pedence  s i d e  o f  t h e  a m p l i f i e r s  w hich  r e d u c e s  o p e r a t i n g  c o m p le x i ty  and 
r e d u c e s  l e a k a g e  p a t h s .  The o n ly  p e r t u r b a t i o n  added  to  t h e  sam ple  l e a d s  a r e  
t h e  h i g h  im pedence  r e e d  r e l a y s . The c o m p le te  im pedence  m a tc h in g  d e v ic e  and 
th e  power s u p p l i e s  t o  t h e  r e l a y s  a r e  housed  i n  a  s m a l l  d i e - c a s t  b o x .  To 
keep  t h e  l e n g t h  o f  t h e  i n p u t  c a b l e s  t o  a  minimum, t h e  box was d e s ig n e d  to  
p lu g  i n t o  th e  t o p  o f  t h e  sam ple  h o l d e r .  T h is  r e d u c e s  t h e  p i c k - u p  i n  t h e  
h ig h  im pedence  l e a d s .  However, t h e  c u r r e n t  l e a d  to  th e  amm eter m ust  be
t r e a t e d  w i th  c a r e  t o  a v o id  l e a k a g e .  T h is  p rob lem  can be r e d u c e d  by u s in g  
an e l e c t r o m e t e r  ammeter i n  a  f e e d  b ack  mode.
In  t h e  p r e s e n t  w ork , H a l l  m easu rem en ts  on sam p les  w i th  r e s i s t a n c e s  up 
to  1 0 ^  ohms were made. Sam ples w i th  r e s i s t a n c e s  o f  10^ ohms c o u ld  be 
m easu red  by c o n v e n t i o n a l  t e c h n i q u e s  w i th  s p e c i a l  c a r e  t a k e n  t o  r e d u c e  t h e  
l e a k a g e  p a t h s .  These r e s u l t s  were found to  be i n  e x c e l l e n t  a g re e m e n t  w i th  
t h e  m easu rem en ts  done on th e  same sa m p le s  w i th  t h e  new im pedence  m a tc h in g  
m ethod . However, t h e  o p e r a t i o n a l  a m p l i f i e r s  were found to  d e t e r i o r a t e  
a f t e r  t e m p e r a t u r e  r u n s  on a few s a m p le s .  The r e a s o n  f o r  t h i s  i s  n o t  y e t  
c l e a r .  One o f  t h e  im provem ents  t h a t  c o u ld  be made i s  t o  d e s ig n  s p e c i a l  
c i r c u i t r y  t o  p r o t e c t  t h e  o p e r a t i o n a l  a m p l i f i e r s  from  v o l t a g e  t r a n s i e n t s .
4 .4  R e c o rd in g  t h e  m agnetophonon o s c i l l a t i o n s
The o r i g i n  o f  t h e  m agnetophonon o s c i l l a t i o n s  was d i s c u s s e d  c h a p t e r  2 .  
The m a jo r  p rob lem  a s s o c i a t e d  w i th  t h e  d e t e c t i o n  o f  t h e s e  o s c i l l a t i o n s  i s  t o  
e x t r a c t  t h e  r e l a t i v e l y  s m a l l  a m p l i tu d e  o s c i l l a t o r y  s t r u c t u r e  from  t h e  
m o n o to n i c a l ly  v a r y i n g  background  m a g n e t o r e s i s t a n c e .  In  a  t y p i c a l  
e x p e r im e n t ,  t h e  r e s i s t a n c e  o f  t h e  sam ple  may w e l l  i n c r e a s e  by  a f a c t o r  o f  
100 i n  h ig h  m a g n e t ic  f i e l d s ,  w h e re as  t h e  o s c i l l a t o r y  s t r u c t u r e  h a s  an  
a m p l i t u d e  o f  0 .0 1 #  t o  10#. I t  i s  t h e r e f o r e  n e c e s s a r y  t o  s u p r e s s  t h e  
background  m a g n e t o r e s i s t a n c e  and a t  t h e  same t im e  f a i t h f u l l y  r e p r o d u c e  t h e
c ■
o s c i l l a t o r y  s i g n a l s .  The m ost commonly u se d  method to  s e p a r a t e  o u t  t h e
o s c i l l a t o r y  s t r u c t u r e  i s  t o  t a k e  t h e  second  d e r i v a t i v e  o f  t h e  s i g n a l
p r o p o r t i o n a l  to  t h e  m a g n e t ic  f i e l d .  The o s c i l l a t o r y  s t r u c t u r e  i n  t h e
m a g n e t o r e s i s t a n c e  i s  s t r o n g l y  enhanced  by t h e  d e r i v a t i v e  t e c h n i q u e .  S in c e
t h e  maxima i n  t h e  o s c i l l a t i o n s  o f  t h e  o r i g i n a l  s i g n a l  a l s o  g i v e  r i s e  t o  
2 Pmaxima i n  - 5  V/dB , w here V i s  t h e  s i g n a l  v o l t a g e ,  i t  i s  c o n v e n ie n t  t o  p l o t
2 9- 5 V / d B ^  a s  a f u n c t i o n  o f  m a g n e t ic  f i e l d ,  B.
As d e s c r i b e d  e a r l i e r ,  i n  s e c t i o n  4 . 2 ,  a  b a r  shaped  sam ple  w i th  f o u r  
e q u a l l y  s p a ce d  e l e c t r o d e s  was u se d  in  t h e  m e a su re m e n ts .  A c o n s t a n t  c u r r e n t  
was p a s s e d  th ro u g h  t h e  o u t e r  c o n t a c t s  and th e  v o l t a g e  a c r o s s  t h e  i n n e r  
c o n t a c t s  was m o n i to r e d .  In  o r d e r  t o  o b t a i n  a c c u r a t e  p o s i t i o n s  o f  t h e  
maxima o f  t h e  o s c i l l a t i o n s  i t  i s  n e c e s s a r y  t o  t a k e  t h e  mean o f  two 
r e c o r d i n g s  t a k e n  w i th  t h e  m a g n e t ic  f i e l d  i n c r e a s i n g  and d e c r e a s i n g .  T h is  
t a k e s  i n t o  a c c o u n t  any  p h ase  d i f f e r e n c e  i n t r o d u c e d  by t h e  d e r i v a t i v e  
t e c h n i q u e .
4 .5  P h o t o c o n d u c t i v i t y  m easu rem en ts
The e x p e r im e n ta l  s e t  up f o r  t h e  p h o t o c o n d u c t i v i t y  m easu rem en ts  u s in g  
an ac  m ethod i s  shown i n  f i g u r e  4 . 3 .  A c o n s t a n t  e l e c t r i c  f i e l d  was a p p l i e d  
to  t h e  sam ple  and th e  p h o t o c u r r e n t  g e n e r a t e d  due t o  t h e  i l l u m i n a t i o n  o f  t h e  
sam ple  was r e c o r d e d  by d e t e c t i n g  t h e  c h a n g es  a c r o s s  t h e  s e r i e s  r e s i s t o r ,  
Rl . The change  i n  t h e  v o l t a g e  d ro p  a c r o s s  RL upon i l l u m i n a t i o n  i s  [ 1 1 7 ] ,
, Rl Rq R AG
(RL+V (RL+R>
where R=Rq_ar i s  t h e  r e s i s t a n c e  o f  t h e  i l l u m i n a t e d  sam ple  and AG i s  t h e  
change  i n  t h e  c o n d u c ta n c e  o f  t h e  s a m p le .  N orm ally  AR<<RQ and ( 4 . 4 )  
becom es ,
Ro r L
Vpo = ’ o ' " ----------~2 * G C - S )
<R L+Ro >
T h is  e x p r e s s i o n  h a s  a  maximum f o r  RL=RQ and f o r  t h i s  c a s e ,  Vp c =(Vq RqA G )/4 . 
F o r  h ig h  r e s i s t i v i t y  m a t e r i a l s , t h e  m easu rem en ts  a r e  u s u a l l y  c a r r i e d  o u t  
w i th  Rl« R q and Rjj« R ,  so  t h a t  Vpo = VqRj7\G. In  t h e  e x p e r i m e n t a l  s e t  u p ,  a
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v a r i a b l e  s e r i e s  r e s i s t o r  was u sed  so t h a t  t h e  lo a d  r e s i s t a n c e  c o u ld  be 
a d j u s t e d  to  o b t a i n  maximum r e s p o n s e ,  i n  t h e  c a s e  o f  low r e s i s t i v i t y  
m a t e r i a l s .
L ig h t  from  a  Spex m in im ate  m onochrom ator was chopped a t  a  f i x e d  
f r e q u e n c y  i n  t h e  r a n g e  15-250 Hz, and f o c u s s e d  o n to  an  o p t i c a l  f i b r e .  
Through t h e  o p t i c a l  f i b r e ,  l i g h t  p u l s e s  were t r a n s m i t t e d  to  th e  sam ple  i n  
t h e  h ig h  p r e s s u r e  c e l l .  A 250 W t u n g s t e n - h a l o g e n  lamp was u se d  a s  t h e  
l i g h t  s o u r c e .  The Spex m in im ate  i s  p ro v id e d  w i th  a  m o to r  t h a t  a l lo w e d  
c o n t in u o u s  w a v e le n g th  s c a n .  T hus ,  t h e  p h o to re s p o n s e  a s  a  f u n c t i o n  o f  
w a v e le n g th  c o u ld  be r e c o r d e d  on a  x - t  r e c o r d e r ,  u s in g  a c o n s t a n t
w a v e le n g th  s c a n  r a t e .  The second  o r d e r  e f f e c t s  from s h o r t e r  w a v e le n g th s  
were e l i m i n a t e d  by u s in g  f i l t e r s .  A s i l i c o n  f i l t e r  was u se d  f o r  
m easu rem en ts  w i th  w a v e le n g th s  g r e a t e r  th a n  1.1 Jim w h i le  RG 830 f i l t e r  was 
u se d  in  t h e  w a v e len g th  r a n g e  0 .8 3  Jim to  1. 1 Jim. The o p t i c a l  t r a n s m i s s i o n  
r e s p o n s e  o f  t h e  sy s tem  w i th  a 2 Jim g r a t i n g  u n d e r  d i f f e r e n t  c o n d i t i o n s  i s  
shown i n  f i g u r e  4 . 4 .  A t h e r m o p i l e  d e t e c t o r  (2M from  M u lla rd )  was u s e d  to  
m easu re  t h i s  o p t i c a l  r e s p o n s e .  Curve ( a )  i n  f i g u r e  4 . 4  shows t h e  r e s p o n s e  
o f  t h e  sy s te m  w i th  t h e  P i l k i n g t o n  o p t i c a l  f i b r e  and a s m a l l  amount o f  
c a s t o r  o i l .  T h is  c u rv e  t h u s  r e p r e s e n t s  t h e  v a r i a t i o n  o f  t h e  l i g h t  
i n t e n s i t y  a s  a  f u n c t i o n  o f  w a v e le n g th  t r a n s m i t t e d  to  t h e  sam ple  i n  t h e  
p i s t o n - a n d - c y l i n d e r  a p p a r a t u s .  Curve (b )  i s  t h e  r e s p o n s e  o f  t h e  s y s te m  
w i th  a  P i l k i n g t o n  o p t i c a l  f i b r e  b u n d le  and c u re d  epoxy r e s i n ,  show ing a s  a  
f u n c t i o n  o f  w a v e le n g th ,  t h e  amount o f  l i g h t  r e c e i v e d  by a  sam ple  i n  h i g h  
p r e s s u r e  Bridgman a n v i l  c e l l .  I f  b ro ad  o p t i c a l  s p e c t r a  a r e  s t u d i e d  by 
u s in g  t h e s e  sy s te m s  th e n  t h e  s p e c t r a  s h o u ld  be n o r m a l i s e d  w i th  t h e  
b a c kg round  shown i n  f i g u r e  4 . 4 .  However, t h e  b an d -g ap  p h o t o c o n d u c t i v i t y  
edge  i s  v e r y  s h a r p  i n  d i r e c t  gap s e m ic o n d u c to r s  and no such  c o r r e c t i o n s  a r e  
needed  e x c e p t  when th e  p h o t o c o n d u c t i v i t y  edge  o f  t h e  sam ple  f a l l s  i n  t h e  
r e g i o n  o f  s h a r p l y  r i s i n g  o r  f a l l i n g  edge o f  t h e  background  r e s p o n s e .  In
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t h e  l a t t e r  c a s e  c a r e  m ust be t a k e n  i n  e v a l u a t i n g  th e  p r e s s u r e  c o e f f i c i e n t  
o f  t h e  band gap from  th e  movement o f  t h e s e  e d g e s .
4 .6  High p r e s s u r e  s y s te m s  and m easu rem en ts
4 .6 .1  P i s t o n - a n d - c y l i n d e r  a p p a r a tu s
A s c h e m a t ic  d iag ram  o f  t h e  p i s t o n - a n d - c y l i n d e r  a p p a r a tu s  i s  shown i n  
f i g u r e  4 . 5 .  The c y l i n d e r  i s  made o f  h o t -w o rk e d  d i e  s t e e l  and h a s  an  o u t e r  
d i a m e te r  o f  12 .7  cm and a  h e i g h t  o f  11 .5  cm. T h is  i s  f i t t e d  i n t o  a  s t e e l
r i n g  o f  o u t e r  d i a m e te r  1 5 .8  cm, t o  c o n f i n e  any  c y l i n d e r  f r a c t u r e .  The
c y l i n d e r  i s  e l a s t i c  t o  12 k b a r ,  and has  been  t e s t e d  to  10 k b a r .  The
c y l i n d e r  i s  h e ld  down by s t e e l  s t r a p s  t o  p r e v e n t  i t  r i s i n g  on u n l o a d i n g ,
and s a f e t y  s p a c e r s  a r e  p la c e d  be tw een  t h e  c y l i n d e r  and t h e  d i e  s e t  t o
p r e v e n t  c r u s h i n g  i n  t h e  e v e n t  o f  a sudden  l e a k .
The p i s t o n s  a r e  made o f  h a rd e n e d  t o o l  s t e e l  and a r e  2 9 .2  mm i n
d i a m e t e r .  They a r e  s e p a r a t e d  from th e  d i e  s e t  by th e  p i s t o n  b a c k in g  p a d s .  
The p i s t o n  f a c e  accommodates e i g h t  e v e n ly  sp a c e d  s i l v e r  s t e e l  t e r m i n a l s .  
These h a rd e n e d  s t e e l  t e r m i n a l s  g round  i n t o  c e ra m ic  s l e e v e s  p r o v id e  
e f f e c i e n t l y  s e a l e d  c o n t a c t s  and th e  e l e c t r i c a l  c o n n e c t io n s  c an  be  made 
th ro u g h  t h e s e  t e r m i n a l s  to  th e  t e s t  sam ple  i n  t h e  h i g h  p r e s s u r e  ch am b er .  
At t h e  o t h e r  end o f  t h e  p i s t o n  i . e .  o u t s i d e  t h e  p r e s s u r e  cham ber t h e
e l e c t r i c a l  l e a d s  p a s s  th ro u g h  a b o re  up t h e  p i s t o n  a x i s  and a r e  c o n n e c te d
to  t h e  s i l v e r  s t e e l  t e r m i n a l s  ( f i g u r e  4 . 6 ) .  These l e a d s  come o u t  o f  t h e  
sy s tem  th ro u g h  a U -groove m i l l e d  i n t o  t h e  p i s t o n  b a c k in g  p a d s .
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P h o t o c o n d u c t i v i t y ,  r e s i s t i v i t y  and H a l l  e f f e c t  m easu rem en ts  were made 
i n  t h e  p i s t o n - a n d - c y l i n d e r  a p p a r a t u s .  These m easurem ents  impose c e r t a i n  
r e q u i r e m e n t s  on t h e  d e s ig n  o f  t h e  t h r u s t  p i s t o n .  F o r  t h e  o p t i c a l  
m easu rem en ts  a  window h a s  t o  be c r e a t e d  th ro u g h  t h e  p i s t o n  and i n t o  t h e  
p r e s s u r e  chamber w h i le  a  m agnet i s  e s s e n t i a l  f o r  t h e  H a l l  e f f e c t  
m e a s u re m e n ts .  The t h r u s t  p i s t o n  f o r  o p t i c a l  m easu rem en ts  i s  p r o v id e d  w i th  
a  b o re  o f  2 9 .2  mm d i a m e te r .  T h is  b o re  can  be s e a l e d  w i th  a s a p p h i r e  
c r y s t a l  and a  r i n g  made from an alum in ium  f o i l .  The s a p p h i r e  i s  h e ld  in  
p o s i t i o n  by a s m a l l  c y l i n d r i c a l  f ra m e .  A P i l k i n g t o n  o p t i c a l  f i b r e  b u n d le  
i s  f e d  th ro u g h  t h e  c e n t r a l  b o re  i n  t h e  p i s t o n  and i s  h e ld  c l o s e  t o  th e  
s a p p h i r e  window. L ig h t  p u l s e s  c an  now be t r a n s m i t t e d  to  th e  sam ple  th r o u g h  
th e  o p t i c a l  f i b r e  and th e  s a p p h i r e  c r y s t a l .  However, t h i s  a r ra n g e m e n t  
c o u ld  r e s u l t  i n  l o s s  o f  i n t e n s i t y  due t o  poor c o u p l in g  be tw een  t h e  f i b r e  
and t h e  window and a l s o  due t o  d i s p e r s i o n  o f  l i g h t  i n  t h e  s a p p h i r e  c r y s t a l .  
To overcom e t h e s e  d i f f i c u l t i e s ,  a new method h a s  been  d e v e lo p e d  a t  S u r r e y .  
T h is  i s  t o  t a k e  t h e  o p t i c a l  f i b r e  i n t o  t h e  p r e s s u r e  cham ber, t h u s  a v o id i n g  
th e  s a p p h i r e  window. The new method a l lo w s  sam p les  t o  be b u t t e d  d i r e c t l y  
t o  t h e  end o f  t h e  f i b r e  th u s  m in im is in g  th e  r e d u c t i o n  i n  t h e  i n t e n s i t y  o f  
l i g h t .  The p i s t o n - a n d - c y l i n d e r  a p p a r a tu s  w i th  t h i s  ty p e  o f  a r r a n g e m e n t  i s  
shown i n  f i g u r e  4 . 7 .  A s i n g l e  o p t i c a l  f i b r e  o f  c o re  d i a m e te r  5 mm i s  
t a k e n  th ro u g h  t h e  c e n t r a l  b o re  i n  a  s t e e l  p lu g  w hich  r e p l a c e s  t h e  s a p p h i r e  
c r y s t a l .  The o p t i c a l  f i b r e  i s  h e ld  r i g i d l y  i n  p o s i t i o n  by c u re d  e p o x y .  In  
p r e p a r a t i o n ,  t h e  o p t i c a l  f i b r e  was p a s s e d  th ro u g h  t h e  b o re  i n  t h e  p lu g  and 
th e  r e s t  o f  t h e  volume was f i l l e d  w i th  l i q u i d  epoxy . A ir  b u b l e s  i n  t h e  
f i l l i n g  were removed and th e  epoxy was th e n  c u re d  f o r  two h o u r s  a t  80°C 
fo l lo w e d  by tw e n ty  h o u r s  a t  120°C. The c u re d  epoxy h o ld s  o p t i c a l  f i b r e  
r i g i d l y  and a l s o  p r o v id e s  a  v e r y  good s e a l .  The s t e e l  p lu g ,  t h u s  p r e p a r e d ,  
can  be f i x e d  in  p o s i t i o n  on th e  f a c e  o f  t h e  t h r u s t  p i s t o n  by t h e  
a r r a n g e m e n t  d e s c r i b e d  f o r  t h e  s a p p h i r e  c r y s t a l .  The o p t i c a l  f i b r e  i s  
c l e a v e d  a t  b o th  e n d s  t o  a c h ie v e  b e t t e r  c o u p l i n g .  The sam ple  c a n  be m ounted
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v e ry  c l o s e  t o  t h e  end o f  t h e  o p t i c a l  f i b r e  and th e  sam ple  l e a d s  a r e  
c o n n e c te d  to  th e  s t e e l  t e r m i n a l s .  The o t h e r  en d s  o f  t h e  s t e e l  t e r m i n a l s  
w ere c o n n e c te d  to  c o - a x i a l  c a b l e s  so  t h a t  s m a l l  s i g n a l  m easu rem en ts  c o u ld  
be made w i th  h ig h  s i g n a l  to  n o i s e  r a t i o .  A l t e r n a t i v e l y  t h e s e  c o - a x i a l
c o n n e c t io n s  c o u ld  be used  f o r  c a p a c i t a n c e  m easu rem en ts  o r  f a s t  p u l s e
m e a s u re m e n ts . A c o p p e r - c o n s t a n t a n  th e rm o c o u p le  was a t t a c h e d  to  two o t h e r  
t e r m i n a l s  t o  m o n i to r  t h e  sam ple  t e m p e r a t u r e .
F o r  H a l l  e f f e c t  m e a su re m e n ts ,  t h e  t h r u s t  p i s t o n  was d e s ig n e d  to
accommodate a  s m a l l  t o r o i d a l  m agnet a s  shown i n  f i g u r e  4 . 8 .  The m agnet i s
made o f  a  c o i l  o f  250 t u r n s  o f  0 .1 8  mm en a m e lle d  c o p p e r  wound on a t o r o i d
2o f  mumetal w i th  a  p o le  gap o f  1 .0  mm and a p o le  s u r f a c e  a r e a  o f  50 mm .
The m agnet can  be f i x e d  to  t h e  f a c e  o f  t h e  p i s t o n  by a s c r e w - t h r e a d
a r r a n g e m e n t .  A c o n s t a n t  c u r r e n t  o f  60 mA th ro u g h  t h e  c o i l  p ro d u c e s  a
m a g n e t ic  f i e l d  o f  a b o u t  500 g a u s s .  F o r  such  c u r r e n t s ,  s w i tc h e d  on f o r  a
s h o r t  i n t e r v a l  o f  t im e ,  t h e  h e a t i n g  e f f e c t s  on t h e  c o i l s  and t h e  sam ple  i s  
n e g l i g i b l e .  E l e c t r i c a l  c o n n e c t io n s  t o  t h e  e l e c t r o m a g n e t  were p r o v id e d  
th ro u g h  two o f  t h e  s i l v e r  s t e e l  t e r m i n a l s .  A c h ro m e l- a lu m e l  th e rm o c o u p le  
was c o n n e c te d  to  t h e  o t h e r  two t e r m i n a l s  and th e  r e m a in in g  f o u r  t e r m i n a l s
were c o n n e c te d  to  t h e  sa m p le .  A c l o v e r  l e a f  sam ple  was p l a c e d  be tw een
i n s u l a t i n g  p l a s t i c  s h e e t s  and clam ped to  a  b ro n z e  U -shaped  f ra m e .  The 
f ram e  was t h e n  p la c e d  be tw een  t h e  p o l e s  o f  t h e  m agnet and was s e c u r e d  
f i r m l y  i n  i t s  p l a c e  by a PTFE t a p e .  T h is  a v o id e d  any  movement o f  t h e  
sam ple  w h i le  p l a c i n g  th e  f a c e  o f  t h e  t h r u s t  p i s t o n  i n  t h e  l i q u i d  medium, 
p r i o r  t o  p r e s s u r i s a t i o n .
The to p  p i s t o n  n e e d s  t o  be removed f o r  m oun ting  s a m p le s .  However, t h e  
b o t to m  p i s t o n  c a n  re m a in  f ix e d  to  t h e  b o t to m  d i e  a s  s e e n  i n  f i g u r e  4 . 5 .  
The s i l v e r  s t e e l  c o n t a c t s  on th e  bo tto m  p i s t o n  p r o v id e  e l e c t r i c a l  
c o n n e c t io n  t o  a  h e a t e r  c o i l  and a m anganin  w i re  p r e s s u r e  g a u g e .  The h e a t e r
c o i l  p r o v id e s  t e m p e r a t u r e s  up t o  a b o u t  7 0 °C i n s i d e  t h e  p r e s s u r e  cham ber.  A 
m anganin  w i re  gauge was u sed  f o r  t h e  d i r e c t  m easurem ent o f  h y d r o s t a t i c  
p r e s s u r e  u s in g  th e  e x p r e s s i o n ,
1 R(P)
P = -  I n  ------  ( 4 . 6 )
5  R( o)
where R(P) and R(0) a r e  t h e  r e s i s t a n c e  o f  t h e  m anganin  gauge  a t  a  p r e s s u r e  
P k b a r s ,  and a tm o s p h e r ic  p r e s s u r e  r e s p e c t i v e l y .  The v a lu e  o f  ^  i s  g iv e n  
to  be 2 .3  x 10“ 3 [1 1 8 ] .
S e a l in g  be tw een  th e  p i s t o n  and c y l i n d e r  i s  a c c o m p li s h e d  by a
c o m b in a t io n  o f  a  n e o p re n e  " 0 - r i n g 11 and a  phospho r  b ro n z e  r i n g .  A f t e r  
m oun ting  th e  sa m p le ,  t h e  f a c e  o f  t h e  t h r u s t  p i s t o n  was imm ersed in  t h e  
l i q u i d  medium by c a r e f u l l y  p l a c i n g  th e  p i s t o n  i n t o  t h e  c y l i n d e r  b o r e .  The 
c y l i n d e r  b o re  was s l i g h t l y  o v e r f i l l e d  so t h a t  e x c e s s  l i q u i d  o o z e s  o u t  w h i l e  
p l a c i n g  th e  p i s t o n  and hence  m in im is in g  th e  a i r  t r a p p e d  i n s i d e  t h e  
c y l i n d e r .  The t o p  o f  t h e  d i e  s e t  i s  t h e n  c a u t i o u s l y  lo w e re d  o n to  t h e
p i s t o n .  A 9 0 - to n  p r e s s  i s  employed to  a p p ly  t h e  p r e s s u r e .  Changes i n
p r e s s u r e  r e s u l t e d  i n  a  change  i n  t h e  t e m p e r a t u r e  o f  t h e  p r e s s u r e  medium and 
15-20 m in u te s  were r e q u i r e d  to  r e a c h  th e r m a l  e q u i l i b r i u m .
4 . 6 . 2  Bridgman a n v i l  o p t i c a l  and H a l l  e f f e c t  a p p a r a tu s
A h ig h  p r e s s u r e  Bridgman opposed  a n v i l  a p p a r a tu s  s u i t a b l e  f o r  H a l l  
e f f e c t  and p h o t o c o n d u c t i v i t y  m easu rem en ts  was d e v e lo p e d  a t  s u r r e y .  The 
a p p a r a tu s  i s  b a sed  on t h e  o r i g i n a l  d e s ig n  o f  t h i s  ty p e  o f  s y s te m  a t  STL 
[1 1 9 ] .  The im p o r ta n t  m o d i f i c a t i o n  i s  t h e  i n t r o d u c t i o n  o f  o p t i c a l  f i b r e s  t o  
e n a b le  h ig h  p r e s s u r e  p h o t o c o n d u c t i v i t y  m ea su rem e n ts .  The a n v i l s  u s e d  were 
made o f  t u n g s t e n  c a r b i d e  and a r e  3 . 8  cm i n  d i a m e te r  w i th  a  6°  t a p e r  l e a d i n g
t o  1 .6  cm d i a m e te r  f l a t s .  The a n v i l s  a r e  h e ld  i n  10 .2  cm d i a m e te r  m ild  
s t e e l  j a c k e t s .  The j a c k e t - a n v i l  a s se m b ly  i s  housed  i n  a  f o u r  column d i e  
s e t  made o f  m ild  s t e e l .  The lo w e r  a n v i l  i s  p ro v id e d  w i th  a  b o re  r u n n in g  
th ro u g h  t h e  c e n t r e .  An o p t i c a l  f i b r e  b u n d le  i s  p a s s e d  th ro u g h  t h e  b o r e  and 
th e  r e s t  o f  t h e  volume o f  t h e  b o re  was s e a l e d  o f f  by c u re d  epoxy a s  
d e s c r i b e d  i n  t h e  p r e v i o u s  s e c t i o n .  Two c o i l s ,  c o n s i s t i n g  o f  600 t u r n s  o f  
24 s . w . g .  c o p p e r  w i r e  were wound a ro u n d  e a ch  j a c k e t e d  a n v i l .  Thus t h e  
a n v i l s  c an  be  u se d  a s  p o l e s  o f  a  m a g n e t .  At a  p o l e  gap  o f  1 .25  mm and a  
c u r r e n t  o f  0 .7 8  A, a  m a g n e t ic  f i e l d  o f  6 .2 5  kG c o u ld  be  a c h i e v e d .  A 500 
t o n  h y d r a u l i c  p r e s s  was u se d  to  a p p ly  p r e s s u r e .  Low t e m p e r a t u r e  
m easu rem en ts  can  be made by pumping l i q u i d  n i t r o g e n  t h r o u g h  an  i n s u l a t e d  
c o p p e r  e n c lo s u r e  s u r r o u n d in g  th e  a n v i l s .  In  t h e  p r e s e n t  w ork , t h i s  
a p p a r a t u s  was u sed  o n ly  f o r  p h o t o c o n d u c t i v i t y  m ea su rem e n ts  a t  room 
t e m p e r a tu r e  and be low .
4 . 6 . 3  N on-m agne tic  o p t i c a l  low t e m p e r a t u r e  h i g h  p r e s s u r e  a p p a r a t u s
A n o n -m a g n e t ic  h ig h  p r e s s u r e  a p p a r a t u s  h a s  been  d e v e lo p e d  f o r  t h e  
m easurem ent o f  m agnetophonon e f f e c t  and p h o t o c o n d u c t i v i t y  a t  room 
t e m p e r a tu r e  and be lo w . The a p p a r a t u s  i s  d e s ig n e d  to  f i t  i n t o  t h e  5 .0 8  cm 
b o re  o f  a  10 T e s l a ,  w a t e r - c o o l e d ,  m agnet i n  t h e  C la re n d o n  l a b o r a t o r y ,  
O x fo rd .  The a p p a r a tu s  d e s c r i b e d  h e r e  i s  a  m o d if ie d  form o f  t h e  o r i g i n a l  
a p p a r a t u s  b u i l t  a t  S .T .  L. [ 1 2 0 ] .  In  t h e  o r i g i n a l  a p p a r a t u s  o n l y  
e l e c t r i c a l  m easu rem en ts  c o u ld  be made a t  low  t e m p e r a t u r e s ,  b u t  now b o th  
e l e c t r i c a l  and p h o t o c o n d u c t i v i t y  m easu rem en ts  can  be made a t  low  
t e m p e r a t u r e s  (T>120 K ) .  The m o d i f ie d  a p p a r a tu s  i s  shown s c h e m a t i c a l l y  i n  
f i g u r e  4 . 9 .  H ig h ly  s t r e s s e d  p a r t s  o f  t h e  a p p a r a t u s  w ere  made o f  t i t a n i u m  
a l l o y  (6 A1- V from  T i ta n iu m  M e ta l s  and A l lo y s  l t d . ) .  T i ta n iu m  i s
n o n -m a g n e t ic  and i t s  s t r e n g t h  r a p i d l y  i n c r e a s e s  a t  low t e m p e r a t u r e s  [ 1 2 0 ] .  
Two t u n g s t e n  c a r b i d e  opposed  a n v i l s  were p la c e d  a t  t h e  b o t to m  o f  a  t i t a n i u m
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c y l i n d e r .  The a n v i l s  were h e ld  in  n o n -m a g n e t ic  s t a i n l e s s  s t e e l  ( A u s t e n i t i c  
s t e e l  ty p e  310) j a c k e t s .  The d i a m e te r  o f  t h e  f l a t s  on t h e  a n v i l  f a c e  i s
1 .5  cm. The o p t i c a l  c e l l  c o n t a i n i n g  th e  sam ple  i s  p l a c e d  be tw een  t h e  two 
a n v i l s .  Sample l e a d s  and th e rm o c o u p le  w i r e s  were s e a t e d  in  g ro o v e s  down 
t h e  s i d e  o f  t h e  s t a i n l e s s  s t e e l  j a c k e t  s u r r o u n d in g  th e  u p p e r  a n v i l .  The 
l e a d s  were p a s s e d  up t h e  c e n t r e  o f  a  200 mm lo n g  p lu n g e r  bonded by 
' b l u - t a c k '  t o  t h e  r e a r  f a c e  o f  t h e  t o p  a n v i l .  The to p  f a c e  o f  t h e  p lu n g e r  
i s  r a d i a l l y  g rooved  to  p a s s  t h e  l e a d s  o u t .
The o u t e r  t i t a n i u m  c y l i n d e r  i s  2 2 .3  cm lo n g ,  49 mm wide ( o u t e r  
d i a m e te r )  and h a s  a p p r o x im a te ly  1 .2  mm d i a m e t r a l  c l e a r a n c e  i n  t h e  m agnet 
b o r e .  The c y l i n d e r  i s  a l s o  p ro v id e d  w i th  a  6 mm d ia m e te r  h o l e  a t  t h e  
b o t to m  t o  f a c i l i t a t e  i n s e r t i o n  o f  two c o n c e n t r i c  b r a s s  p i p e s ;  one  o f  w hich  
i s  u s e d  f o r  t r a n s p o r t  o f  l i q u i d  n i t r o g e n  t o  and from th e  h i g h  p r e s s u r e  c e l l  
and t h e  o t h e r  one t o  t a k e  t h e  o p t i c a l  f i b r e  o u t  o f  t h e  s y s te m .  The o u t e r  
s u r f a c e  o f  t h e  c y l i n d e r  was c o v e re d  w i th  a  t h i n  m y la r  s h e e t  t o  p r o v id e  
i n s u l a t i o n  a g a i n s t  t h e  m e t a l l i c  m agnet c o r e  i f  any  o f  t h e  sam ple  l e a d s  w ere  
b a re d  and to u c h in g  th e  h ig h  p r e s s u r e  a p p a r a t u s  by c h a n c e .
P r e s s u r e  was a p p l i e d  th ro u g h  a s m a l l ,  com pact t i t a n i u m  ram a s se m b ly  
w h ich  i s  c a p a b l e  o f  e x e r t i n g  a  f o r c e  o f  up t o  14 t o n n e s .  The c y l i n d e r  ram 
a s se m b ly  was h e ld  in  a  s m a l l  n o n -m a g n e t ic  a lum in ium  a l l o y  f r a m e .  The ram 
was s l i d  i n t o  t h i s  f ram e  s idew ays  a g a i n s t  p o s i t i o n i n g  d o w e ls ;  t h e  p lu n g e r  
c o u ld  th e n  be e x t r a c t e d  when n e c e s s a r y  from  th e  t o p  o f  t h e  p r e s s  th r o u g h  a
h o l e  when t h e  ram i s  rem oved . The e f f e c t i v e  d i a m e te r  o f  t h e  ram i s  64 mm
2g i v i n g  an a r e a  o f  3220 mm . O i l  p r e s s u r e  was s u p p l i e d  to  t h e  ram by a hand  
pump, c o n n e c te d  by a  f l e x i b l e  h o se  u s in g  n o n -m a g n e t ic  s t a i n l e s s  s t e e l  
c o n n e c t o r s .
An o p t i c a l  f i b r e  b u n d le  was p a s s e d  th ro u g h  t h e  lo w er  a n v i l  so t h a t  
l i g h t  p u l s e s  c o u ld  be t r a n s m i t t e d  to  t h e  sam ple  i n  t h e  h i g h  p r e s s u r e  c e l l .  
A d e t a i l e d  d iag ram  o f  t h e  lo w e r  a n v i l  w i th  t h e  o p t i c a l  f i b r e  and  a l s o  t h e  
a r r a n g e m e n t  f o r  c o o l i n g  i s  shown i n  f i g u r e  4 . 9 .  Two c o n c e n t r i c  p i p e s  w ere  
f i x e d  to  t h e  c e n t r e  o f  t h e  lo w e r  f a c e  o f  t h e  b o t to m  a n v i l  w i th  t h e  h e l p  o f  
a r a l d i t e .  A v e r t i c a l  b r a s s  w a l l  d iv id e d  th e  volume be tw een  t h e  i n n e r  and 
o u t e r  p i p e s  i n t o  two e q u a l  s e c t i o n s .  Two g ro o v e s  were c u t  a lo n g  t h e  s i d e s  
and th e  b o t to m  o f  t h e  s t e e l  j a c k e t  and th e y  w ere  a l l i g n e d  w i th  t h e  two 
s e c t i o n s  o f  t h e  b r a s s  p i p e .  T h is  a l lo w e d  th e  t r a n s p o r t a t i o n  o f  l i q u i d  
n i t r o g e n  a lo n g  th e  g ro o v e s  t o  t h e  t o p  o f  t h e  lo w er  a n v i l  th ro u g h  one  
s e c t i o n  and r e t u r n  th ro u g h  t h e  o t h e r .  Thus a  c o n t in u o u s  f lo w  o f  l i q u i d  
n i t r o g e n  c o u ld  be s e t  by  c o n n e c t in g  one s e c t i o n  o f  t h e  p ip e  t o  a  
p r e s s u r i s e d  dewar c o n t a i n i n g  l i q u i d  n i t r o g e n .  The o p t i c a l  f i b r e  from  th e  
lo w e r  a n v i l  was p a s s e d  th ro u g h  t h e  i n n e r  o f  t h e  two c o n c e n t r i c  p i p e s ,  t h u s  
p r o t e c t i n g  i t  from  th e  f lo w  o f  l i q u i d  n i t r o g e n .
4 . 6 . 4  High p r e s s u r e  o p t i c a l  c e l l
The sam ple  t o  be p r e s s u r i s e d  was embedded i n  epoxy r e s i n  a t  t h e  c e n t r e  
o f  a  MgO lo a d e d  epoxy g a s k e t ,  a s  shown i n  f i g u r e  4 . 9 .  A th e rm o c o u p le  was 
a l s o  e n c lo s e d  in  t h e  epoxy r e s i n  t o  m o n i to r  t h e  t e m p e r a tu r e  o f  t h e  s a m p le .  
A s t a n d a r d  r i n g  a s  employed by P i t t  [1 1 9 ]  was u sed  i n  t h e  h i g h  p r e s s u r e  
e x p e r i m e n t s .  These r i n g s  h a v e ,  an  o u t e r  d i a m e te r  o f  12 .7  mm, a n  i n n e r  
d i a m e te r  o f  4 mm and a  h e i g h t  o f  1 .25  mm. T h is  s i z e  h a s  b e e n  
e x p e r i m e n t a l l y  p ro v en  s u i t a b l e  f o r  m easu rem en ts  up t o  70 k b a r s  w i t h o u t  
c r y s t a l  f r a c t u r e  [ 1 1 9 ] .  The p r e p a r a t i o n  o f  MgO lo a d e d  epoxy h a s  b e e n  
d e s c r i b e d  by Wasse e t  a l  [ 1 2 1 ] .  The r i n g s  may be moulded d i r e c t l y  l e a v i n g  
a  minimum amount o f  m ach in in g  to  p ro d u ce  t h e  r e q u i r e d  d i m e n s io n s .  To 
acommodate t h e  sam ple  l e a d s ,  p e r p e n d i c u l a r  c h a n n e l s  were c u t  t o  h a l f  t h e  
h e i g h t  o f  t h e  r i n g .  Gold t a p e s  were s e a t e d  i n  t h e s e  c h a n n e l s  t o  w h ich  t h e
g o ld  l e a d s  from th e  sam ple  were bon d ed .  A s e p a r a t e  c h a n n e l  was c u t  f o r  t h e  
th e r m o c o u p le .  The sam ple  was p l a c e d  a t  t h e  c e n t r e  o f  t h e  r i n g  w i th  t h e  
th e rm o c o u p le  c l o s e  t o  i t  and th e  r e s t  o f  t h e  volume o f  t h e  r i n g  was f i l l e d  
w i th  l i q u i d  epoxy . Care was t a k e n  t o  remove a l l  t h e  a i r  b u b l e s  and th e n  
t h e  epoxy was c u r e d .  E l e c t r i c a l  w i r e s  w ere  s o l d e r e d  to  t h e  g o ld  t a p e s  from  
th e  sam ple  and t h e s e  c o n n e c t io n s  were i n s u l a t e d  by u s in g  t h i n  m y la r  s h e e t s  
w i th  h o l e s  c u t  t o  t h e  s i z e  o f  t h e  c e l l .  These s h e e t s  a l s o  p r o v id e  s u p p o r t  
f o r  t h e  g o ld  t a p e s  and t h e  c o n n e c t in g  l e a d s .
A c o p p e r - c o n s t a n t a n  o r  c h ro m e l- a lu m e l  th e rm o c o u p le  was u se d  i n  t h e  
h i g h  p r e s s u r e  c e l l .  The t e m p e r a tu r e  r e s p o n s e  o f  t h e s e  th e r m o c o u p le s  i s  
a lm o s t  in d e p e n d e n t  o f  p r e s s u r e  [ 1 2 2 ] .  The m easu red  v a r i a t i o n  o f  t h e  
th e rm o c o u p le  r e s p o n s e  w i th  p r e s s u r e  f o r  c o p p e r - c o n s t a n t a n  sy s te m  i s  a b o u t
0 .0 5 $  p e r  k b a r  and f o r  c h ro m e l- a lu m e l  th e rm o c o u p le  sy s tem  i t  i s  0 .0 3 $  p e r  
k b a r .  Thus t h e  t e m p e r a tu r e  o f  t h e  sam ple  c o u ld  be  m easu red  a c c u r a t e l y ,  by 
p l a c i n g  th e  th e rm o co u p le  c l o s e  t o  t h e  s a m p le .
4 . 6 . 5  N o n - h y d r o s t a t i c  s t r e s s e s  i n  s o l i d  c e l l s
D uring  t h e  i n i t i a l  s t a g e s  o f  p r e s s u r i s a t i o n ,  t h e  sam ple  i n  a  s o l i d  
c e l l  i s  s u b j e c t  t o  a  s m a l l  n o n - h y d r o s t a t i c  s t r e s s ,  w h ich  i s  su p e r im p o se d  on 
t h e  h y d r o s t a t i c  s t r e s s .  On t h e  a p p l i c a t i o n  o f  l o a d ,  t h e  MgO g a s k e t  
e x t r u d e s  and  a  s m a l l  r a d i a l  s h e a r  s t r e s s  i s  t r a n s m i t t e d  t o  t h e  s a m p le .  But 
a t  h i g h  p r e s s u r e s ,  t h e  g a s k e t  l o c k s  by f r i c t i o n  a g a i n s t  t h e  a n v i l  f a c e s ,  
and a  v e r y  c l o s e  a p p ro x im a t io n  t o  h y d r o s t a t i c  c o n d i t i o n  i s  o b t a i n e d .  
However, t h e  e f f e c t  o f  n o n - h y d r o s t a t i c  s t r e s s e s  on t h e  sam ple  c a n  be 
re d u c e d  by r e d u c in g  th e  d im e n s io n s  o f  t h e  sam ple  [ 1 1 9 ,1 2 3 ] .  The sa m p le s  
u se d  in  t h i s  work were b a r  shaped  and t y p i c a l l y  1 .5  mm lo n g ,  0 .5  mm w ide  
and 0 .2 5  mm t h i c k .  The a c t u a l  e f f e c t  o f  t h e  n o n - h y d r o s t a t i c  s t r e s s  on t h e  
e l e c t r i c a l  p r o p e r t i e s  o f  t h e  m a t e r i a l  d ep e n d s  on t h e  l o c a t i o n  o f  t h e  c h a r g e
c a r r i e r s  i n  t h e  B r i l l o i n  z o n e .  F o r  exam p le ,  s h e a r  s t r e s s e s  remove th e  
d e g e n e r a c y  o f  t h e  o f f - c e n t r e  m inim a ( i . e . ,  L a n d  X m inima) and t h i s  can  
c o m p l ic a t e  t h e  a n a l y s i s  i n  t h e  i n d i r e c t  band gap s e m ic o n d u c to r s .  
P i e z o e l e c t r i c  m easu rem en ts  on <100> o r i e n t e d  s i n g l e  c r y s t a l  n - t y p e  S i ,  show 
an  i n i t i a l  c o m p re s s iv e  s t r e s s  a lo n g  th e  r a d i u s  o f  t h e  sam ple  t o  t h e  c e n t r e  
o f  t h e  r i n g ,  fo l lo w e d  by a t e n s i l e  component a s  t h e  r i n g  s p r e a d s  o u t  w i th  
i n c r e a s i n g  lo a d  [ 1 2 3 ] ,  and f i n a l l y  c o n d i t i o n s  c l o s e  t o  h y d r o s t a t i c  p r e s s u r e  
were r e a c h e d .  However, i n  d i r e c t  band gap s e m ic o n d u c to r s ,  t h e  e l e c t r o n s  
a r e  i n  t h e  minimum and s i n c e  t h e  minimum i s  i s o t r o p i c ,  t h e  e f f e c t  
o f  n o n - h y d r o s t a t i c  p r e s s u r e  i s  s m a l l .  F u r t h e r ,  i f  we had a  p u re  u n i a x i a l  
s t r e s s ,  t h e  e f f e c t  on t h e  t r a n s p o r t  p r o p e r t i e s  would be e q u i v a l e n t  t o  a 
t h i r d  o f  a  p u re  h y d r o s t a t i c  s t r e s s  [ 1 2 0 ] .  Thus, f o r  exam ple i n  GaAs, t h e  
m easu red  r e s i s t i v i t y  v a r i a t i o n  a s  a  f u n c t i o n  o f  p r e s s u r e  be low  30 k b a r s  i s  
d e te r m in e d  by t h e  h y d r o s t a t i c  component o f  t h e  a p p l i e d  p r e s s u r e .  T h is  h a s  
even l e a d  to  t h e  u se  o f  r e s i s t i v i t y  v a r i a t i o n  o f  GaAs a s  a  m easu re  o f  
" r e d u c e d  h y d r o s t a t i c  p r e s s u r e "  i n  t h e  s o l i d  c e l l [ 120 ] .  So f a r  t h e  a n a l y s i s  
o f  t h e  m easu rem en ts  done on d i r e c t  band gap s e m ic o n d u c to r s  show t h a t  t h e  
c h a n g es  i n  t h e  t r a n s p o r t  p r o p e r t i e s  a r e  c a u se d  o n ly  by t h e  h y d r o s t a t i c  
component o f  t h e  a p p l i e d  p r e s s u r e  so  lo n g  a s  t h e  c a r r i e r s  r e m a in  i n  t h e  ("^ 
minimum.
4 . 6 . 6  P h o to c o n d u c t iv e  p r e s s u r e  gauge
T r a d i t i o n a l l y ,  p r e s s u r e  c a l i b r a t i o n  i n  h ig h  p r e s s u r e  s o l i d  c e l l s  was 
done by m e a s u r in g  th e  s t a n d a r d  r e s i s t i v e  a n a m o l ie s  a s s o s i a t e d  w i th  p h a s e  
t r a n s i t i o n s .  The known s t a n d a r d  r e s i s t a n c e  d i s c o n t i n u i t i e s  f o r  b ism u th  a t
2 5 .4  k b a r  ( I - I I )  and 76 k b a r  (V-VI) and t h a l l i u m  a t  37 k b a r  were u s e d .  A 
l i n e a r  v a r i a t i o n  o f  p r e s s u r e  w i th  l o a d  i s  assumed to  f i l l  t h e  gap b e tw een  
t h e s e  s t a n d a r d  p r e s s u r e s .  More r e c e n t l y ,  P i t t  and Gunn [1 2 0 ]  used  th e  
v a r i a t i o n  o f  r e s i s t i v i t y  o f  GaAs t o  c a l i b r a t e  t h e i r  h ig h  p r e s s u r e
a p p a r a t u s .  They a r g u e d ,  a s  d e s c r i b e d  in  t h e  p r e v io u s  s e c t i o n ,  t h a t  a 
s e m ic o n d u c to r  p r e s s u r e  s e n s o r  i s  i n s e n s i t i v e  t o  n o n - h y d r o s t a t i c  s t r e s s  
p ro v id e d  t h e  l o w e s t  c o n d u c t io n  band minimum i s  a t  t h e  p o i n t .  However
th e  s e m ic o n d u c to r  r e s i s t a n c e  s e n s o r  c o u ld  have  a l a r g e  t e m p e r a t u r e  
c o e f f i c i e n t  s i n c e  t h e  c a r r i e r  m o b i l i t y  i s  s t r o n g l y  t e m p e r a t u r e  d e p e n d e n t .  
U n f o r t u n a t e l y ,  i n  an  e n c lo s e d  h ig h  p r e s s u r e  s y s te m ,  t h e  sam p le  i s  e x t r e m e l y  
s e n s i t i v e  t o  t e m p e r a tu r e  v a r i a t i o n s ,  p a r t i c u l a r l y  a t  e a c h  i n c r e m e n t a l  
i n c r e a s e  i n  p r e s s u r e .  In  t h i s  w ork , band gap p h o t o c o n d u c t i v i t y  h a s  been  
u sed  to  m easu re  t h e  p r e s s u r e .  In  d i r e c t  band gap s e m ic o n d u c to r s  t h e
p h o to re s p o n s e  v s .  w a v e le n g th  c u r v e  h a s  a  s h a r p  d i s c o n t i n u i t y  c l o s e  t o  t h e  
fu n d a m e n ta l  a b s o r p t i o n  e d g e .  S in c e  t h e  band gap ch an g es  w i th  p r e s s u r e ,  t h e  
p h o t o c o n d u c t i v i t y  edge  l i k e w i s e  moves w i th  p r e s s u r e .  I f  t h e  p r e s s u r e  
c o e f f i c i e n t  o f  t h i s  edge  i s  d e te rm in e d  i n  a  p u r e l y  h y d r o s t a t i c  medium, l i k e  
c a s t o r  o i l  i n  a  p i s t o n - a n d - c y l i n d e r  a p p a r a t u s ,  th e n  we c an  d e te r m in e  t h e  
p r e s s u r e  i n  t h e  s o l i d  c e l l  by r e c o r d i n g  th e  movement o f  t h e  edge  on e a c h  
i n c r e m e n t a l  i n c r e a s e  i n  l o a d .  Thus, a  c o n t in u o u s  l o a d  v s .  p r e s s u r e  
c a l i b r a t i o n  c u rv e  can  be  e s t a b l i s h e d . U n l ik e  a  s e m ic o n d u c to r  r e s i s t a n c e  
p r e s s u r e  s e n s o r ,  t h e  p h o to c o n d u c to r  p r e s s u r e  s e n s o r  i s  a lm o s t  i n s e n s i t i v e  
to  s m a l l  c h a n g es  i n  t e m p e r a t u r e ,  b e c a u s e  t h e  t e m p e r a tu r e  c o e f f i c i e n t  o f  t h e  
band gap  i s  v e r y  s m a l l  ( s e c t i o n  2 . 2 ) .  A no ther  a d v a n ta g e  i s  t h a t  when t h e  
s e m ic o n d u c to r  i s  i t s e l f  a  t e s t  s p e c im e n ,  t h e n  t h e  p r e s s u r e  c a n  be 
d e te r m in e d  a c c u r a t e l y  a t  any  r e q u i r e d  l o a d .  The l o a d  v s .  p r e s s u r e  
c a l i b r a t i o n  c u rv e  f o r  t h e  h ig h  p r e s s u r e  s o l i d  c e l l  w i th  an  epoxy  medium i s  
shown i n  f i g u r e  4 . 1 0 ( a ) .  The p h o to re s p o n s e  o f  a  GaAs sam ple  was m ea su red  
as  a  f u n c t i o n  o f  w a v e le n g th  a t  v a r i o u s  l o a d s  i n  t h e  Bridgman a n v i l  o p t i c a l  
and H a l l  e f f e c t  a p p a r a t u s .  The e n e rg y  a t  t h e  peak  o f  t h e  p h o to r e s p o n s e  
c u rv e  was u sed  a s  t h e  i n d i c a t o r  o f  t h e  band gap and th e  p r e s s u r e  a t  an y  
p a r t i c u l a r  lo a d  was c a l c u l a t e d  from th e  change  i n  band gap c a u s e d  by t h e  
a p p l i e d  lo a d  and th e  m easu red  p r e s s u r e  c o e f f i c i e n t  o f  t h e  d i r e c t  band  gap
i n  GaAs i . e . ,  11.1 meV/kbar ( c h a p t e r  5 ) .
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The p h o t o c o n d u c t i v i t y  band gap o f  GaAs was a l s o  i n v e s t i g a t e d  a s  a 
f u n c t i o n  o f  lo a d  in  t h e  h ig h  p r e s s u r e  c e l l  w i th  p e tro le u m  j e l l y  ( v a s e l i n e )  
a s  t h e  p r e s s u r e  t r a n s m i t t i n g  medium. The e x p e r im e n t  was p e rfo rm e d  a t  
170+15°K, and th e  r e s u l t s  a r e  shown i n  f i g u r e  4 . 1 0 ( b ) .  The p r e s s u r e  
a c h ie v e d  i n  t h e  v a s e l i n e  s y s te m ,  a t  a  p a r t i c u l a r  l o a d ,  i s  much s m a l l e r  t h a n  
t h a t  o b t a i n e d  i n  t h e  epoxy medium. T h is  i s  th o u g h t  t o  be  due t o  t h e  l a r g e r  
c o m p r e s s i b l i t y  o f  t h e  p e t ro le u m  j e l l y .  However, t h e  r e s u l t s  c l e a r l y  
i n d i c a t e  t h a t  t h i s  medium can  be  u sed  to  g e n e r a t e  p r e s s u r e s  up t o  25 k b a r s  
a t  37 to n n e s  w i th o u t  an y  c r y s t a l  f r a c t u r e .  The sam ples  c an  be r e t r i e v e d  
f o r  o t h e r  t y p e s  o f  m easu rem en ts  a f t e r  t h e  h i g h  p r e s s u r e  r u n .  I t  i s  a l s o  
th o u g h t  t h a t  t h e  v a s e l i n e  medium w i l l  be p r o b a b ly  more h y d r o s t a t i c  a t  low  
p r e s s u r e s  compared to  s o l i d  epoxy medium.
CHAPTER 5
Band gap dependence of the effective mass in InP and GaAs
5 .1  I n t r o d u c t i o n
As d e s c r i b e d  b e f o r e  i n  c h a p t e r  2 , t h e  k .p  t h e o r y  d i r e c t l y  r e l a t e s  t h e  
e f f e c t i v e  mass t o  t h e  e n e rg y  g a p .  In  p a r t i c u l a r ,  a t  z e ro  te m p e r a t u r e  t h e
e l e c t r o n  e f f e c t i v e  mass a t  t h e  b o t to m  o f  t h e  T1C c o n d u c t io n  band i s  r e l a t e d
to  t h e  fu n d a m e n ta l  e n e rg y  gap by t h e  e x p r e s s i o n  g iv e n  i n  e q u a t i o n  2 . 9 ,
i . e . ,
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1 =  - P  -m 3 \  E
w here
Ep /  2 1 \
f  = ~  +  ------ + C
3 \ E 0+A-E0 E0-E0y/
and th e  m eaning o f  t h e  v a r i o u s  sym bols  were d e s c r i b e d  i n  d e t a i l  b e f o r e
( c h a p t e r  2 , f i g u r e  2 . 1 ) .  As can  be s e e n  from th e  above  e x p r e s s i o n ,  t h e r e
£i s  a  c l o s e  t h e o r e t i c a l  l i n k  be tw een  EQ and m • I t  i s  t h e r e f o r e
a d v a n ta g e o u s  i f  EQ and hence  m can  be v a r i e d  and m easured  s i m u l t a n e o u s l y .
The n o n -m a g n e t ic ,  o p t i c a l ,  l o w - t e m p e r a t u r e , h ig h  p r e s s u r e  a p p a r a t u s
( c h a p t e r  4 )  can be u se d  to  m easu re  b o th  Eq and m Eq from  th e
x
p h o t o c o n d u c t i v i t y  and m from th e  m agnetophonon e f f e c t .  On t h e  a p p l i c a t i o n
o f  p r e s s u r e  Eq changes  and hence  m*« S i n c e ,  EQ and m* b o th  c an  be m easu red
a t  any  g iv e n  l o a d ,  p r e s s u r e  a c t s  a s  a  dummy v a r i a b l e  t o  c h a n g e  t h e  band
s t r u c t u r e ,  and t h e r e  i s  no need to  know t h e  a b s o l u t e  v a lu e  o f  p r e s s u r e  i n
x
t h i s  e x p e r im e n t .  Thus t h e  m v s .  Eq r e l a t i o n s h i p  c a n  be deduced  
e x p e r i m e n t a l l y  and compared w i th  e q u a t i o n  5 . 1 ,  t o  e v a l u a t e  t h e  i n t e r b a n d
+ f
o V  A
( 5 . 1 )
i n t e r a c t i o n  e n e r g i e s  E E^ and t h e  c o r r e c t i o n  te rm  C.
5 .2  P r e s s u r e  c o e f f i c i e n t  o f  t h e  d i r e c t  band gap
As d e s c r i b e d  i n  t h e  l a s t  c h a p t e r ,  t h e  v a r i a t i o n  o f  t h e  fu n d am e n ta l  
band gap w i th  p r e s s u r e  c an  be  m o n i to re d  u s in g  p h o t o c o n d u c t i v i t y  (PC) 
m ea su rem e n ts .  However, i t  i s  n e c e s s a r y  t o  i d e n t i f y  a  p a r t i c u l a r  f e a t u r e  i n  
t h e  p h o to re s p o n s e  c u rv e  w hich  c an  be  f o l lo w e d  a c c u r a t e l y  w i th  p r e s s u r e .  
Most o f  t h e  p a r a m e t e r s ,  l i k e  t h e  phonon f r e q u e n c y ,  i n  t h e  e x p r e s s i o n  f o r  
d e r i v i n g  t h e  e f f e c t i v e  mass from  t h e  m agnetophonon e f f e c t  depend on 
p r e s s u r e  ( c h a p t e r  2 ) .  The m easu red  p r e s s u r e  c o e f f i c i e n t s  f o r  t h e s e  
p a r a m e te r s  a r e  a v a i l a b l e .  So, i n  o r d e r  t o  a p p ly  c o r r e c t i o n s  and hen ce  to  
deduce  a  c o r r e c t e d  m v s .  EQ c u r v e ,  i t  i s  n e c e s s a r y  t o  know t h e  d i r e c t  
band gap p r e s s u r e  c o e f f i c i e n t .  Thus t o  i d e n t i f y  a  f e a t u r e  i n  t h e  
p h o to re s p o n s e  c u rv e  and hence  t o  d e te r m in e  t h e  p r e s s u r e  c o e f f i c i e n t  o f  t h e  
d i r e c t  band g a p ,  p h o t o c o n d u c t i v i t y  m easu rem en ts  w ere  made on GaAs and InP 
sa m p le s  i n  a  p i s t o n - a n d - c y l i n d e r  a p p a r a t u s .
The r e c o r d i n g s  o f  t h e  PC r e s p o n s e  a t  f i v e  p r e s s u r e s ,  f o r  GaAs i s  shown 
i n  f i g u r e  5 . 1 .  They show a  smooth s h i f t  i n  t h e  p o s i t i o n  o f  t h e  p eak  and 
th e  p h o t o c o n d u c t i v i t y  edge  w i th  p r e s s u r e  and no s i g n i f i c a n t  change  i n  t h e
sh ap e  o f  t h e  r e s p o n s e  was n o t i c e d  t o  8 k b a r s .  In  f i g u r e  5 . 2 ,  t h e  e n e rg y
v a l u e s  c o r r e s p o n d in g  to  t h e  p o s i t i o n  o f  t h e  peak  r e s p o n s e  and to  5055 a r e  
p l o t t e d  a s  a  f u n c t i o n  o f  p r e s s u r e .  They b o th  g i v e  a p r e s s u r e  c o e f f i c i e n t  
o f  1 1 .1 + 0 .3  m eV /kbar, i n  v e r y  good a g re e m e n t  w i th  o t h e r  e x p e r i m e n t a l
r e s u l t s  ( t a b l e  3 . 2 ) .  S i m i l a r  m ea su rem e n ts  on InP gave  a p r e s s u r e
c o e f f i c i e n t  o f  8 .5 ± 0 .3  meV/kbar f o r  t h e  d i r e c t  band g a p ,  a g a in  i n  good 
ag re e m e n t  w i th  p r e v i o u s l y  r e p o r t e d  v a l u e s  ( t a b l e  3 . 2 ) .  In  b o th  GaAs and 
InP , i t  can  be c o n c lu d e d  t h a t  t h e  sh a p e  o f  t h e  PC r e s p o n s e  on t h e  low 
e n e rg y  s i d e  i s  in d e p e n d e n t  o f  p r e s s u r e .  The peak  p o s i t i o n  i s  s e l e c t e d  a s
<u
\A
CZ
O
CL
uO
Q J
q :
Q_
y \
8-4 6-3 4-0 2-1 P -  0 kbar
0’84 0*86 o-90
Wavelength (urn)
0-94
Rgure 5-, Recordings » e pt,„t„conducHve r8S(jonse ^  
red at various pressures jn a p iston-and-cylinder apparatus
en
er
gy
 
ga
p 
(e
V
)
1-50
1-45
1-40
1-35
82 4 60
Pressure (kbar)
Figure 5*2 Optical energy gap as  a function of 
hydrostatic pressure in GaAs.
an  i n d i c a t o r  o f  t h e  band gap s i n c e  i t  can  be d e te rm in e d  w i th  a c c u r a c y .  
P h o t o c o n d u c t iv i t y  i s  a  complex p r o c e s s  [1 2 4 ]  and u n d e r  c e r t a i n  c o n d i t i o n s  
t h e  PC r e s p o n s e  may n o t  show a peak  [1 2 5 ]  and i n  such  c a s e s  50$ o f  t h e  
maximum c o u ld  be t a k e n  a s  t h e  i n d i c a t o r .
5 .3  Magnetophonon o s c i l l a t i o n s  and p h o to re s p o n s e
H i g h - p u r i t y  e p i t a x i a l  f i l m s  o f  GaAs and InP grown on s e m i - i n s u l a t i n g  
s u b s t r a t e s  were used  f o r  t h e  m a g n e to p h o n o n -p h o to c o n d u c t iv i ty  e x p e r im e n t s  a t  
h i g h  p r e s s u r e s .  The e l e c t r i c a l  c h a r a c t e r i s t i c s  o f  t h e s e  sa m p le s  a r e  l i s t e d  
i n  t a b l e  5 .1  below .
T a b le  5 .1  E l e c t r i c a l  c h a r a c t e r i s t i c s  o f  t h e  sam p les  u se d  i n  t h e  
m agnetophonon m e a s u re m e n ts .
N ,_Nd wa E l e c t r o n  m o b i l i t y
Sample ( 1 0 13 cm” 3) ( cm^V' 
296 K
"1s ” 1 )
77 K
GaAs 5LE264 9 .4 8070 109000
GaAs 7LE137 1 .2 8150 125000
GaAs 7LE195 1 .2 8780 124000
GaAs 5LE192 4 .0 8540 124000
InP 3 1 .0 4600 60500
A l l  t h e s e  sam ples  have  a v e r y  h ig h  low t e m p e r a t u r e  m o b i l i t y  i n d i c a t i n g  th e  
h ig h  p u r i t y  o f  t h e  m a t e r i a l ,  w hich  i s  e s s e n t i a l  i f  s h a r p  m agnetophonon 
o s c i l l a t i o n s  a r e  t o  be o b s e r v e d .  A l l  m easu rem en ts  w ere  made a t  room 
t e m p e r a tu r e  w i th  i n c r e a s i n g  l o a d .  The p h o to re s p o n s e  was r e c o r d e d  a s  a
f u n c t i o n  o f  w a v e le n g th  a t  e a c h  in c r e m e n t a l  i n c r e a s e  i n  l o a d .  Then th e
2 pm a g n e t ic  f i e l d  was v a r i e d  to  r e c o r d  -SR/SB , and th e  p h o t o c o n d u c t i v i t y  was 
a g a in  m o n i to re d  to  make s u r e  t h a t  t h e  p r e s s u r e  had rem a ined  c o n s t a n t .  The 
second  d e r i v a t i v e  m ethod d e s c r i b e d  i n  s e c t i o n  4 .4  was u se d  to  r e c o r d  th e  
m agnetophonon o s c i l l a t i o n s .  In  o p e r a t i o n ,  t h e  m a g n e t ic  f i e l d  was i n c r e a s e d  
to  t h e  maximum f i e l d  (9 t e s l a )  i n  a  c o n t in u o u s  sweep and th e n  d e c r e a s e d  in  
t h e  same t i m e .  The o s c i l l a t i o n s  were r e c o r d e d  f o r  b o th  up and down sw eep s .  
F i g u r e s  5 .3  and  5 . 4  show t h e  r e c o r d i n g s  o f  PC r e s p o n s e  and m agnetophonon 
o s c i l l a t i o n s  a t  d i f f e r e n t  l o a d s  f o r  InP  and GaAs r e s p e c t i v e l y .  Only t h e  
m agnetophonon o s c i l l a t i o n s  a s  a  f u n c t i o n  o f  i n c r e a s i n g  m a g n e t ic  f i e l d  a r e  
shown. In  b o th  InP  and GaAs N = 3 ,4 ,5  and 6 p e a k s  were o b s e rv e d  and fo l lo w e d  
w i th  p r e s s u r e .  As t h e  lo a d  was i n c r e a s e d ,  t h e  p h o t o c o n d u c t i v i t y  peaks  
moved to w a rd s  lo w e r  w a v e le n g th  i n d i c a t i n g  an i n c r e a s e  i n  band gap w h i l e  t h e  
m agnetophonon maxima s h i f t e d  to w a rd s  h i g h e r  f i e l d s  showing an i n c r e a s e  i n  
e f f e c t i v e  t h e  m ass .  ,
5 .4  B and -edge  e f f e c t i v e  mass c a l c u l a t i o n s
The d e r i v a t i o n  o f  t h e  band edge e f f e c t i v e  mass from t h e  m agnetophonon
e f f e c t  was d i s c u s s e d  in  s e c t i o n  2 . 4 .  The m agnetophonon e f f e c t i v e  m ass can
be d e r i v e d  from th e  f i e l d  p o s i t i o n s  o f  t h e  maxima. However, i n  t h e  c a s e  o f
n o n - p a r a b o l i c  ban d s  c o r r e c t i o n s  s h o u ld  be a p p l i e d  to  d e r i v e  t h e  band  edge
e f f e c t i v e  m ass .  F o r  t h e  c a l c u l a t i o n  o f  t h e  e f f e c t i v e  mass f rom  th e
e x p e r im e n ta l  d a t a ,  t h e  mean f i e l d  f o r  e a c h  m agnetophonon p e a k  was
d e te rm in e d  from th e  r e c o r d e d  o s c i l l a t i o n s  f o r  i n c r e a s i n g  and d e c r e a s i n g
f i e l d s .  The mean f i e l d  c o u ld  be d e te r m in e d  to  w i t h in  1$ a c c u r a c y  a s
d e s c r i b e d  by S t r a d l i n g  and Wood [ 2 8 ] .  The mean f i e l d  v a l u e s  f o r  t h e
m agnetophonon p e a k s ,  N=4,5 and 6 , a r e  p l o t t e d  a s  a  f u n c t i o n  o f  o p t i c a l  band
gap i n  f i g u r e s  5 .5  and 5 .6  f o r  InP  and  GaAs r e s p e c t i v e l y .  The e n e rg y
c o r r e s p o n d in g  to  th e  peak  o f  t h e  PC r e s p o n s e  i s  t a k e n  a s  t h e  o p t i c a l  e n e rg y  
g a p .
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T hese  f i g u r e s  show a l i n e a r  v a r i a t i o n  o f  t h e  f i e l d  p o s i t i o n s  a s  a  f u n c t i o n  
o f  o p t i c a l  band g a p ,  f o r  a l l  t h e  m agnetophonon p e a k s .  In  InP  two d i f f e r e n t  
sam p les  were a n a ly s e d  and i n  GaAs f o u r  sam p les  were c o n s i d e r e d .  The 
r e s u l t s  f o r  e a ch  sam ple  i s  r e p r e s e n t e d  by a  d i f f e r e n t  sym bo l.  A l e a s t  
s q u a r e s  f i t  was p e rfo rm ed  on th e  d a t a  and th e  b e s t  l i n e  f o r  e a ch  s e t  o f  
d a t a  p o i n t s  i s  shown.
The m agnetophonon e f f e c t i v e  mass can  be c a l c u l a t e d  from th e  m a g n e t ic
f i e l d  p o s i t i o n s  o f  t h e  m agnetophonon peaks  w i th  t h e  know ledge  o f  t h e  ID
phonon f r e q u e n c y  and u s in g  e q u a t i o n  2 .4 9  i . e . ,  m = N eB /w 1# The v a lu e  o f
t h e  ID phonon f re q u e n c y  and i t s  p r e s s u r e  c o e f f i c i e n t  h av e  been  m easu red  a s
d i s c u s s e d  i n  c h a p t e r  3- The band edge e f f e c t i v e  mass can  be o b t a i n e d  by
a p p ly in g  n o n - p a r a b o l i c i t y  and p o la r o n  enhancem ent c o r r e c t i o n s  t o  th e
m agnetophonon m ass .  For t h e  p o l a r o n  enhancem ent c o r r e c t i o n s  t h e  F r o h l i c h
c o u p l in g  c o n s t a n t  v a lu e s  g iv e n  i n  s e c t i o n  3*12 were u s e d .  The p o la r o n
enhancem ent c o r r e c t i o n  was a b o u t  2% i n  GaAs and a b o u t  3% i n  In P .  The band
edge  e f f e c t i v e  mass c a l c u l a t e d  f o r  GaAs, a t  a tm o s p h e r ic  p r e s s u r e  was
0.0659m w hich  i s  w i t h i n  1% o f  t h e  v a lu e  o r i g i n a l l y  r e p o r t e d  by S t r a d l i n g
£
and Wood [ 2 8 ] ,  and f o r  InP th e  m o b t a i n e d  was 0.0789m, a l s o  i n  a g re e m e n t  
w i th  t h e  v a lu e  r e p o r t e d  by Eaves e t  a l  [ 1 2 6 ] .
The m agnetophonon e f f e c t i v e  mass a s  a  f u n c t i o n  o f  o p t i c a l  band gap was
c a l c u l a t e d  from th e  e x p e r im e n ta l  d a t a  o f  f i g u r e s  5 .5  and 5 . 6 .  However to
d e r i v e  t h e  band edge e f f e c t i v e  mass a s  a  f u n c t i o n  o f  o p t i c a l  band g a p ,  from
th e  e q u a t i o n  ( 2 .4 9 )  i t  i s  n e c e s s a r y  t o  know t h e  band gap d e p en d en ce  o f  t h e
phonon f r e q u e n c y  and th e  F r o h l i c h  c o u p l in g  c o n s t a n t .  From th e  m easu red
p r e s s u r e  c o e f f i c i e n t s  o f  t h e  d i r e c t  band gap and th e  t h e  ID phonon
f r e q u e n c y ,  d w^/dEQ c o u ld  be c a l c u l a t e d .  Using e q u a t i o n  ( 3 .3 0 )  and th e
£
m easured  u n c o r r e c t e d  v a lu e  o f  dm /dE Q} i t  i s  found  t h a t  c h a n g e s  by l e s s  
th a n  0 . 2% p e r  10 meV change  i n  t h e  band gap o f  InP  and by l e s s  t h a n  0 . 3 %
1 - 3  1 . 4  1 . 5
Optical energy gap (eV)
Figure 5*5 Linear shifts in the magnetic field positions corresponding
to magnetophonon peaks as  a function of  the optical energy gap 
in InP.
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Figure 5*6 Linear shifts in the magnetic field positions
corresponding to magnetophonon peaks as  a function of  the 
optical energy gap in GaAs.
p e r  10 meV change  i n  t h e  band gap o f  GaAs. T y p ic a l  v a lu e s  f o r  th e  
n o n - p a r a b o l i c i t y  c o r r e c t i o n s  t o  t h e  e f f e c t i v e  mass i n  GaAs were 5 .4 $  a t  
a tm o s p h e r ic  p r e s s u r e  and 4 .8 $  when th e  band gap was i n c r e s e d  by 0 . 17eV. 
The c o r r e c t i o n s  f o r  InP w e re ,  a t  t h e  a tm o s p h e r ic  p r e s s u r e  6 .0 $  and a t  a 
band gap o f  Eq+o . 12 eV, 5 .4 $ .  T here  was no a p p r e c i a b l e  change  i n  th e  
p o l a r o n  enhancem ent c o r r e c t i o n  w i th  i n c r e a s e  i n  band gap s i n c e  t h e  p r e s s u r e  
c o e f f i c i e n t  o f  ©Cf  i s  s m a l l .
5 .5  Com parison w i th  t h e o r y
5 .5 .1  k .p  e n e rg y  gap
K a n e 's  k .p  t h e o r y  a p p l i e s  o n ly  a t  z e ro  t e m p e r a tu r e  w h i le  t h e  h ig h
p r e s s u r e  e x p e r im e n ts  were pe rfo rm ed  a t  room t e m p e r a t u r e .  T hus , i n  o r d e r  to
compare t h e  e x p e r im a n ta l  r e s u l t s  w i th  k .p  t h e o r y ,  t h e  m easu red  band gap
must be c o r r e c t e d .  As d i s c u s s e d  i n  s e c t i o n  2 . 2 ,  t h e  d e c r e a s e  i n  t h e  band
gap w i th  i n c r e a s i n g  t e m p e r a tu r e  i s  due t o  two c o n t r i b u t i o n s ;  l a t t i c e
d i l a t i o n  and e le c t r o n - p h o n o n  c o u p l i n g .  E h r e n r e ic h  [1 2 7 ]  a rg u e d  t h a t  th e
e f f e c t i v e  mass e n e rg y  gap i n  t h e  k .p  e x p r e s s i o n  a t  any  t e m p e r a t u r e  i . e .
Eq ( T ) ,  c an  be r e l a t e d  to  t h a t  a t  z e r o  t e m p e r a t u r e ,  Eo ( 0 ) ,  by a c c o u n t in g  f o r
l a t t i c e  d i l a t i o n  a l o n e .  De Meis [1 2 8 ]  h a s  u se d  t h e  change i n  e n e rg y  gap
due t o  d i l a t i o n  a lo n e  to  e x p l a i n  t h e  change  i n  e f f e c t i v e  mass w i th
te m p e r a t u r e  and p r e s s u r e .  The same a p p ro a c h  h a s  been  used  by S t r a d l i n g  and
£
Wood [2 8 ,1 2 9 ]  to  e x p l a i n  t h e  d e pendence  o f  m on t e m p e r a tu r e  i n  GaAs, InAs 
and In S b ,  and by Eaves e t  a l  f o r  InP  [ 1 2 6 ] .  These a u t h o r s  found  t h a t  t h e  
change  i n  e f f e c t i v e  mass c a l c u l a t e d  from th e  d i l a t i o n a l  change  i n  t h e  band 
gap gave  b e t t e r  ag reem en t  w i th  t h e i r  e x p e r i m e n t a l  r e s u l t s  w h e re as  t h e  
o p t i c a l  band gap p r e d i c t e d  much l a r g e r  c h a n g e s  i n  t h e  e f f e c t i v e '  mass w i th  
t e m p e r a t u r e .  F o l lo w in g  e q u a t io n  2 .4 3 ,  we can  w r i t e  an e q u a t i o n  f o r  EQ(T) 
t o  be s u b s t i t u t e d  i n  K a n e 's  k .p  e x p r e s s i o n  a s
w here  K i s  t h e  c o m p r e s s i b i l i t y  and p fch i s  t h e  volume e x p a n s io n
c o e f f i c i e n t .  EQ(T) a t  room t e m p e r a tu r e  c an  be d e te rm in e d  from  th e  known 
v a l u e s  o f  Eq ( o ) ,  K and 5 Eq/ 6P w hich  were d i s c u s s e d  i n  c h a p t e r  3 .  D ata  f o r  
t h e  l i n e a r  e x p a n s io n  c o e f f i c i e n t  a r e  a v a i l a b l e  f o r  b o th  InP  and  GaAs and we 
can  w r i t e  P th =^ °^ th *  ^ t h  Q u i te  s t r o n g l y  t e m p e r a tu r e  d e p e n d e n t  a s
shown by f i g u r e  3 .£  f o r  GaAs. The i n t e g r a l  i n  e q u a t i o n  5 . 2  f o r  GaAs was 
d e r i v e d  from th e  a r e a  u n d e r  t h e  c u rv e  i n  f i g u r e  3 . £ .  However, no such  d a t a  
i s  a v a i l a b l e  f o r  InP i n  t h e  low  t e m p e r a t u r e  r e g i o n  and hen ce  a  c o n s t a n t  
v a lu e  o f  was u s e d .  T h is  c o n s t a n t  v a lu e  i s  t h e  room t e m p e r a tu r e  v a lu e
f o r  The i n t e g r a l  in  e q u a t i o n  5 . 2  i s  c a l c u l a t e d  t o  be
These v a l u e s ,  when s u b s t i t u t e d  i n  e q u a t i o n  5 . 2 ,  g iv e  a  k .p  band gap e q u a l  
t o  1 .4 9 2  eV i n  GaAs and 1 .400  eV i n  InP a t  296 K. In f i g u r e s  5 .7  and 5 . 8 ,  
t h e  band edge e f f e c t i v e  m ass ,  i s  p l o t t e d  a s  a  f u n c t i o n  o f  t h e  k .p  e n e rg y  
g a p ,  f o r  InP and GaAs r e s p e c t i v e l y .
5 . 5 . 2  P r e s s u r e  dependence  o f  m a t r i x  e le m e n ts
In  o r d e r  to  u se  e q u a t i o n  5 .1  t o  f i t  t h e  e x p e r i m e n t a l  r e s u l t s ,  i t  i s  
n e c e s s a r y  to  know th e  v a r i a t i o n  o f  E^ i . e< t h e  [E( f^c ) -  E ( 'f^v ) ]  band g a p ,  
and th e  v a r i a t i o n  o f  t h e  i n t e r b a n d  i n t e r a c t i o n  e n e r g i e s  E a n d E^ w i th  
p r e s s u r e .  The p r e s s u r e  c o e f f i c i e n t  o f  t h e  E^ gap f o r  j n p ancj QaAs was 
l i s t e d  i n  t a b l e  3 . 2 .  The p r e s s u r e  c o e f f i c i e n t  o f  Ep c a n  be  c a l c u l a t e d  
u s in g  th e  a p p ro a c h  o f  Cardona and L aw aetz . A cco rd ing  to  Cardona [ 1 3 0 ]  we
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would s im p ly  e x p e c t  t h e  momentum m a t r ix  e le m en t  t o  be i n v e r s e l y  
p r o p o r t i o n a l  to  th e  l a t t i c e  s p a c i n g .  However, a s  d e s c r i b e d  i n  s e c t i o n  2 . 1 ,  
Lawaetz [1 0 ]  s u g g e s t s  t h a t  one m ust t a k e  i n t o  a c c o u n t  t h e  e f f e c t  o f  d - c o r e
where t h e  v a r i o u s  p a r a m e te r s  h a v e  t h e  same m eaning  a s  d e f i n e d  i n  c h a p t e r  2 .  
The p r e s s u r e  c o e f f i c i e n t  o f  Ep c an  nQw be c a l c u l a t e d  from th e  p r e s s u r e  
d e pendence  o f  t h e  f a c t o r  (D -1) and th e  l a t t i c e  c o n s t a n t .  The p r e s s u r e  
dependence  o f  t h e  l a t t i c e  c o n s t a n t  i s  known from th e  c o m p r e s s i b i l i t y  and  
th e  p r e s s u r e  dependence  o f  (D - 1 ) can  be c a l c u l a t e d  a s  s u g g e s t e d  by 
Camphausen e t  a l  ( s e c t i o n  2 . 3 ) .  In  GaAs, i t  i s  found t h a t  t h e  d - c o r e  te rm  
[1+°c(D -1)] ,  d e c r e a s e s  by 0.1056 p e r  k b a r  w h i l e  t h e  l a t t i c e  c o n s t a n t  te rm  
( a  , - /a )^  i n c r e a s e s  by 0 .1 0 $  p e r  k b a r  r e s u l t i n g  in  a  n e g l i g i b l e  change  i n  Es i  p
w i th  p r e s s u r e .  A s i m i l a r  change  i n  Ep i s  e x p e c t e d .  In  In P ,  a  f a s t e r  
d e c r e a s e  i n  t h e  l a t t i c e  c o n s t a n t  te rm  w i th  p r e s s u r e  r e s u l t s  i n  a  p o s i t i v e  
p r e s s u r e  c o e f f i c i e n t  f o r  Ep i . e . ,  dEp /d P  = 3 * 9  m eV /kbar.
5 . 5 . 3  E v a l u a t io n  o f  m a t r i x  e le m e n ts
S in c e  t h e  e n e rg y  d e n o m in a to r  f o r  t h e  h i g h e r  band te rm s  i n  e q u a t i o n  5 .1
i s  l a r g e ,  t h e  main c o n t r i b u t i o n  t o  m/m comes from  th e
i n t e r a c t i o n .  Thus, i f  f  i s  a  s m a l l  f r a c t i o n  o f  t h e  f i r s t  te rm  and i s
r e l a t i v e l y  in d e p e n d e n t  o f  p r e s s u r e ,  a s  i s  t h e  c a s e  c o n s id e r e d  h e r e ,  t h e  
*
s lo p e  o f  m v s .  Eq c u rv e  g i v e s  an  a c c u r a t e  v a lu e  f o r  Ep . N o te ,  i f  A<<EQ,
th e n  Ep = (E0 /m )(dm /dE Q) .  Then, t h e  a tm o s p h e r ic  p r e s s u r e  v a lu e  o f  m and
Eq g iv e s  t h e  v a lu e  o f  f .  In  o r d e r  t o  d e te r m in e  th e  v a l u e s  o f  t h e  m a t r i x
*
e le m e n ts  a c c u r a t e l y  t h e  e x p e r i m e n t a l  v a r i a t i o n  o f  m v s .  Eq i s  f i t t e d  to  
e q u a t i o n  5 .1  u s in g  th e  c a l c u l a t e d  v a l u e s  o f  dEp /d P ,  dE^/dP  and  t h e  m easu red
e l e c t r o n s ,  and Ep can  be w r i t t e n  a s
2
( 5 . 3 )
v a lu e s  o f  Eq , Eq+A* and d A / d P  ( c h a p t e r  3 ) .  The a d j u s t a b l e  p a r a m e te r s  a r e
th e  a b s o l u t e  v a lu e s  o f  Ep, Ep and C a t  a tm o s p h e r ic  p r e s s u r e .  I t  would be
a p p r o p r i a t e  t o  c o n s i d e r  InP f i r s t ,  where  t h e  E( r^c ) -E 0 gap i s  l a r g e
compared to  t h a t  f o r  GaAs and h ence  t h e  c o r r e s p o n d in g  i n t e r a c t i o n  i s
e x p e c te d  to  be s m a l l .  A lso  i n  InP , t h e  fu n d am e n ta l  band gap i s  s m a l l e r
th a n  i n  GaAs and hence  t h e  im p o r ta n c e  o f  f i r s t  te rm  i n  e q u a t i o n  5 .1  i s
f u r t h e r  e n h a n c e d .  The e x p e r i m e n t a l  v a r i a t i o n  o f  m w i th  Eq f o r  InP  i s
shown i n  f i g u r e  5 . 7  by t h e  s o l i d  c i r c l e s .  The e f f e c t i v e  mass v a l u e s  a r e
c a l c u l a t e d  from th e  l e a s t  s q u a r e s  f i t  v a l u e s  o f  t h e  fu n d a m e n ta l  f i e l d ,  NB^,
( f i g u r e  5 . 5 )  and c o r r e c t e d  f o r  n o n p a r a b o l i c i t y ,  p o l a r o n  enhancem ent and  th e
p r e s s u r e  dependence  o f  phonon f re q u e n c y  ( s e c t i o n  5 . 4 ) .  The c a l c u l a t e d
v a r i a t i o n  o f  m* w i th  Eq f r 0 m th e  t h r e e - b a n d  model ( i . e . ,  Ep=C=0) w i th  Ep
£
c a l c u l a t e d  to  f i t  t h e  a tm o s p h e r i c  p r e s s u r e  v a lu e  o f  m and k e p t  c o n s t a n t ,  
i s  shown by t h e  c h a in  l i n e  i n  f i g u r e  5 . 7 .  The b roken  l i n e  i s  o b t a i n e d  by
i n t r o d u c i n g  th e  p r e s s u r e  d e p en d en ce  o f  Ep i n  t h e  t h r e e  band m ode l .  T h is
m ode l ,  w i th  a  change  i n  Ep c a l c u l a t e d  u s in g  th e  i d e a s  o f  Cardona and
Law aetz , i s  d e s ig n a t e d  th e  C a rdona -L aw ae tz  model and th e  r e s u l t s  o f  t h i s
J
model a r e  i n  e x c e l l e n t  a g re e m e n t  w i th  t h e  e x p e r im e n ta l  v a r i a t i o n .  T h is  i s  
b o rn e  o u t  by th e  f a c t  t h a t  by c h a n g in g  o n ly  E from 1 6 .8  eV t o  1 6 .7  eV we 
g e t  t h e  b e s t  f i t  t o  t h e  e x p e r i m e n t a l  r e s u l t s  w hich i s  shown by t h e  f u l l  
l i n e .
The e x p e r im e n ta l  r e s u l t s  f o r  GaAs a r e  shown i n  f i g u r e  5*8 . The
momentum m a t r ix  e le m e n t  c h a n g e s  v e r y  l i t t l e  i n  GaAs and h e n c e  th e  
C ardona-L aw ae tz  model c o i n c i d e s  w i th  t h e  t h r e e  band m odel.  The c a l c u l a t e d  
v a r i a t i o n  a c c o r d in g  to  t h i s  model i s  shown by th e  b ro k en  l i n e .  T h is  i s  
c l e a r l y  much s m a l l e r  th a n  t h e  m easu red  v a r i a t i o n .  Assuming C=0 a s  f o r  InP , 
b e s t  f i t  t o  th e  e x p e r im e n ta l  r e s u l t s  i s  o b t a i n e d  by u s in g  Ep=25 eV, Ep=4.8  
eV ( f u l l  l i n e ) .  Hermann and W eisbuch [ 1 ] ,  i n  t h e i r  a n a l y s i s  o f  i n t e r b a n d  
i n t e r a c t i o n  e n e r g i e s  l i s t  t h e  f o l l o w i n g  v a l u e s  f o r  Ep , e^ and C.
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Figure 5-7 Effective mass ratio as a function of the 
k- p Energy gap in InP
•  , from experimental results;
---------  , from the best f i t  to the experimental results
(Ep=16.7 eV, Ep=0, 0 0 ) ;
--------- , from the Cardona and Lawaetz model (Ep=16.8 eV);
---------  f from three band k .p  theory (E =16.7 eV); and
ir
.............. , from the resu lts of Hermann and Weisbuch
(Ep=20.5 eVf E^=2.1 eVf 0 - 2 ) .
Table 5.2 Interband interaction energies due to Hermann and Weisbuch [1].
Ep(eV) Ep (eV) C
InP 2 0 .7 ± 1 .5 2 .1 -2
GaAs 2 8 . 9±0.9 6 -2
Hermann and W eisbuch assumed a  v a lu e  o f  C=-2, from  th e  m easu red  v a lu e  o f
t h i s  p a ra m e te r  i n  germanium [ 9 ] .  In  t h e  c a s e  o f  InP , t h e  a tm o s p h e r ic
p r e s s u r e  v a lu e  o f  t h e  e f f e c t i v e  mass m easu red  by t h e  a u th o r  i n  t h i s  work
can  be e x p la i n e d  w i th  Ep=2 0 .5  eV, Ep =2. 1 eV and  C=-2. W ith  t h e s e  a s  t h e
p a r a m e te r s  i n  e q u a t i o n  5 .1  and i n t r o d u c i n g  th e  p r e s s u r e  c o e f f i c i e n t  o f  Ep
$
a s  d e s c r i b e d  b e f o r e ,  t h e  v a r i a t i o n  o f  m w i th  Eq i s  c a l c u l a t e d .  T h is  i s  
r e p r e s e n t e d  by t h e  d o t t e d  l i n e  i n  f i g u r e  5 . 7 ,  w hich  i s  c l e a r l y  i n  
d i s a g r e e m e n t  w i th  t h e  e x p e r i m e n t a l  r e s u l t s .  In  t h e  c a s e  o f  GaAs, u s in g  
Hermann and W eisbuch v a lu e s  f o r  Ep=28 .8eV , Ep =6 eV and C=-2, t h e  d o t t e d  
l i n e  i n  f i g u r e  5 .8  i s  o b t a i n e d .  T h is  a g a in  p r e d i c t s  a  much s t r o n g e r  
v a r i a t i o n  o f  m w i th  Eq t h a n  o b t a i n e d  from th e  e x p e r im e n t .
T hus , t h e  e x p e r im e n ta l  r e s u l t s  c l e a r l y  show t h a t  i n  InP t h e  t h r e e  band
£
k . £  t h e o r y  i s  s u f f i c i e n t  t o  e x p l a i n  m w h i l e  a  f i v e  band m odel i s  n e c e s s a r y  
i n  GaAs. However, i n  b o th  t h e  c a s e s  a  m u l t ib a n d  a p p ro x im a t io n  i s  n o t  
n e c e s s a r y  t o  c a l c u l a t e  m and hence  Hermann and W eisbuch h av e  o v e r e s t i m a t e d  
th e  h i g h e r  band i n t e r a c t i o n s .
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k-p  Energy gap in GaAs
, from experimental resu lts;
r from the best f i t  to  the experimental results 
(Ep=25.0 eV, Ep=4.8 eV, 0=0)',
, from three band k.p theory (Ep=22.6 eV); and 
, from resu lts of Hermann and Weisbuch 
(Ep=28.8 eV, E^ =6 eV, C=-2).
Figure 5*8
5.6 Error analysis
The main s o u rc e  o f  e r r o r  comes from th e  e r r o r s  i n  t h e  m easurem ent o f
e f f e c t i v e  mass and th e  e n e rg y  g a p .  The e r r o r s  in v o lv e d  i n  t h e  c a l c u l a t i o n s
o f  t h e  p r e s s u r e  c o e f f i c i e n t s  and th e  c o r r e c t i o n s  a p p l i e d  do n o t  a l t e r  t h e  
%
s lo p e  dm /dE Q# A l l  p o s s i b l e  s o u r c e s  o f  e r r o r  a r e  examined h e r e .
( i )  A lthough  t h e r e  was a  need  to  assum e a  p r e s s u r e  c o e f f i c i e n t  f o r
th e  d i r e c t  band gap t o  a p p ly  c o r r e c t i o n s ,  t h e  c o r r e c t i o n s  th e m s e lv e s  w ere
i n s e n s i t i v e  t o  t h e  v a lu e  o f  p r e s s u r e  c o e f f i c i e n t  u s e d .  F o r  e x am p le ,
c o n s i d e r  t h e  e f f e c t i v e  mass v a l u e s  a f t e r  c o r r e c t i n g  f o r  v a r i a t i o n  o f  LO
phonon f re q u e n c y  w i th  p r e s s u r e ,  s i n c e  t h i s  i s  a  c o r r e c t i o n  t h a t  c h a n g es  t h e  
$
s lo p e  dm /dE Q to  a  s m a l l  e x t e n t .  I f  we t a k e  dEQ/d P = 1 1 . 3 ± 0 .5 m eV /kbar, 
w h ich  c o v e r s  m ost o f  t h e  e x p e r i m e n t a l l y  r e c o r d e d  v a l u e s  f o r  GaAs, t h e  
o v e r a l l  e r r o r  i n  dra*/dEQ i s  l e s s  t h a n  0.5/6. The n o n - p a r a b o l i c i t y  and 
p o la r o n  enhancem ent c o r r e c t i o n s  l e a v e  t h e  s lo p e  u n a f f e c t e d .
( i i )  The e r r o r  i n  t h e  m easu rem en t o f  t h e  e f f e c t i v e  mass and o p t i c a l  
e n e rg y  gap t o g e t h e r  i n t r o d u c e  a b o u t  1 .5 % change  i n  dm*/dEQ.
These two s o u r c e s  o f  e r r o r s  l e a d  to  th e  f o l l o w in g  v a lu e  f o r  t h e  s l o p e :
dm* (0 .0 4 9 + 0 .0 0 2 )  m eV  ^ i n  InP
dEQ ( 0 .0 4 5 + 0 .0 0 2 )  m eV~1 i n  GaAs
( i i i )  A no ther  p o s s i b l e  s o u r c e  o f  e r r o r  i n  e v a l u a t i n g  t h e  i n t e r b a n d
i n t e r a c t i o n  e n e r g i e s  i s  t h e  e r r o r  i n  c a l c u l a t i n g  th e  p r e s s u r e  c o e f f i c i e n t s
dEo / d P ? dEp/dP  and th e  e r r o r  i n  t h e  m easu red  v a lu e  o f  d A / d P .  E^ h a s  a  
s m a l l  p r e s s u r e  c o e f f i c i e n t  a c c o r d in g  to  t h e  t h e o r y  o f  Van V ech ten  and 
P h i l l i p s ,  and i t s  a b s o l u t e  v a lu e  i s  l a r g e  compared w i th  t h a t  o f  Eq and 
hence  th e  e f f e c t  o f  t h e  e r r o r  i n  t h e  seco n d  te rm  o f  t h e  e q u a t i o n  ( 5 . 1 ) ,  i n  
d e te r m in in g  Ep i s  a lw ays  s m a l l .  However t h e r e  i s  a  r e l a t i v e l y  l a r g e  e r r o r  
i n  t h e  e v a l u a t i o n  o f  E^. S in c e  A<<EQ, i n  b o th  InP and GaAs, t h e  s m a l l
pressure coefficient of A will not alter the first term. Lastly, the
change  i n  Ep w i th  p r e s s u r e  was a b o u t  0 .0 2 $  p e r  k b a r  i n  InP and any e r r o r  i n
t h i s  v a lu e  i s  n o t  e x p e c te d  to  make a  s i g n i f i c a n t  d i f f e r e n c e .
I t  i s  n o te w o r th y  t h a t  w i t h i n  t h e  e x p e r im e n ta l  e r r o r  t h e  h i g h e r  band 
*c o n t r i b u t i o n  t o  ra /m i n  InP  can  a t  t h e  m ost be e q u a l  to  - 0 .  15, so  t h a t  when
/ i
Ep =0, C = - 0 .15 b u t  when C=0, Ep=0.5 eV. Thus t h e i r  p o s s i b l e  v a l u e s  a r e  v e r y  
c l o s e l y  d e f i n e d  and s i n c e  one e x p e c t s  t h e  f^ c bands  t o  c o n t r i b u t e  more 
th a n  t h e  h i g h e r  l y i n g  minima we have  t a k e n  C=0. F o r  GaAs, Ep v a l u e s  a r e
c a l c u l a t e d  u s in g  b o th  C=0 a s  f o r  InP  and  C=-2 a s  g iv e n  by  Hermann and
W eisbuch . A l l  t h e s e  r e s u l t s  a r e  l i s t e d  i n  t h e  t a b l e  5 .3«
T a b le  5 . 3  I n t e r b a n d  m a t r i x  e le m e n ts  deduced  from th e  h ig h  p r e s s u r e  
i n v e s t i g a t i o n s  ( p r e s e n t  w o r k ) .
Ep (eV) Ep(eV) C
InP 1 6 .7±0.2 0 t o  0 .5 0
GaAs
2 5 . 0 ± 0 .5 5±1 0
2 6 .0± 0 .5 0 . 5±1 -2
x
5 .7  P r e s s u r e  dependence  o f  m and ©C^ .
In  o r d e r  to  u n d e r s t a n d  th e  p r e s s u r e  d ep en d en ce  o f  t r a n s p o r t  p r o p e r t i e s
£
i t  i s  e s s e n t i a l  to  know t h e  p r e s s u r e  c o e f f i c i e n t  o f  m and oCp. From th e  
m easu red  v a lu e  o f  t h e  dm /dEQ ( c o r r e c t e d  m )> t h e  f o l l o w i n g  p r e s s u r e  
c o e f f i c i e n t s  were c a l c u l a t e d .
dm* ( 4 . 2 + 0 . 4 )x 1 0 _lW k b a r  i n  InP
dP (5 .0 + 0 .  JOxICT^m/kbar i n  GaAs
d©Cf  (5  + 8 ) x 10" ^ k b a r _l i n  InP
dP (18+ 5 ) x 10” ^kbar"*^ i n  GaAs
5 .8  E v a l u a t io n  o f  m a t r ix  e le m e n ts  i n  InSb
High p r e s s u r e  m agnetophonon m easu rem en ts  on n - t y p e  InSb have  been  
r e p o r t e d  by Ahmad e t  a l  [ 7 1  ] ,  A k se lro d  e t  a l  [1 3 1 ]  and I t s k e v i c h  e t  a l  
[ 132 ] .  N=2,3 and  4 maxima i n  t h e  t r a n s v e r s e  m agnetophonon o s c i l l a t i o n s
were o b s e rv e d  by Ahmad e t  a l  and fo l lo w e d  up t o  14 k b a r s .  They deduce  a 
p r e s s u r e  c o e f f i c i e n t  f o r  t h e  band edge e f f e c t i v e  mass a s ,  d ( lnm  ) / d P  = 
6 . 2 + 0 .2  $ / k b a r .  These h ig h  p r e s s u r e  e x p e r im e n t s  were done a t  160 K. From 
th e  h i g h  p r e s s u r e  r e s i s t i v i t y  m easu rem en ts  Ahmad e t  a l  [ 7 1  ] deduced  th e  
p r e s s u r e  c o e f f i c i e n t  o f  t h e  d i r e c t  band gap i n  InSb to  b e ,  dEQ/d P  =
1 4 .6 + 0 .2  m eV /kbar. T ak ing  th e  e f f e c t i v e  mass v a lu e  o f  0 .0 1 2 7  m a t  160 K
$ % 
f o r  m a t  a tm o s p h e r ic  p r e s s u r e  [ 2 8 ] ,  dm /dE Q i s  c a l c u l a t e d  to  be
0 .0 5 4 + 0 .0 0 3  m/eV. T h is  v a lu e  can  now be used  to  e v a l u a t e  E , i n  a  m anner
s i m i l a r  t o  t h a t  a d o p te d  f o r  InP  and GaAs. From th e  C ard ona-L aw ae tz
a p p ro a c h ,  t h e  p r e s s u r e  c o e f f i c i e n t  o f  t h e  E^ gap  i s  c a l c u l a t e d  to  be
2 .3  m eV/kbar and th e  p r e s s u r e  c o e f f i c i e n t  f o r  Ep i s  c a l c u l a t e d  as
dE /dP=  -1 9  m eV /kbar. Assuming d A / d P  = 1 .4  meV/kbar a s  f o r  GaAs, E i s
r  r
c a l c u l a t e d  to  be 2 2 .9 ± 0 .5  eV i n  good a g re e m e n t  w i th  t h e  s im p le  t h r e e - b a n d  
model v a lu e  o f  Ep=2 2 .7  eV. A k se lro d  e t  a l  [ 1 3 1 ]  and I t s k e v i c h  e t  a l  [1 3 2 ]  
a l s o  f i n d  t h a t  t h e i r  r e s u l t s  on InSb a r e  i n  good ag re e m e n t  w i th  t h e  t h r e e  
band m ode l .  However, i n  InSb Eq >> gQ a n d hence  th e  r e s u l t s  a r e  r e l a t i v e l y
i n s e n s i t i v e  t o  th e  e x a c t  v a lu e  o f  Ep a n d th e  u n c e r t a i n t y  i n  Ep a l l o w s  Ep to
/ /
be anyw here  betw een  Ep=o and Ep=7 eV.
5.9 Discussion
In  t h i s  s e c t i o n  t h e  e x p e r i m e n t a l  and th e  t h e o r e t i c a l  v a l u e s  o f  Ep> f  
and th e  c o n d u c t io n  band e l e c t r o n  g - f a c t o r ,  g , a r e  com pared f o r
v a r i o u s  I I I - V  compounds. A p a r t  from  th e  h ig h  p r e s s u r e  i n v e s t i g a t i o n s  (HPI) 
o f  t h e  c o n d u c t io n  band e f f e c t i v e  mass p r e s e n t e d  i n  t h i s  w ork , t h e r e  have  
been  o t h e r  m easu rem en ts  o f  t h e  c o n d u c t io n  band p a r a m e te r s  m a in ly  from  th e  
i n t e r b a n d  m a g n e t o - o p t i c a l  s t u d i e s  (IMOS). These r e s u l t s  a r e  l i s t e d  i n  
t a b l e  5 . 4  f o r  f i v e  I I I - V  com pounds. Rochon and F o r t i n  [ 8 7 ] have  o b t a i n e d  a 
v a lu e  f o r  h i g h e r  band c o n t r i b u t i o n  i n  InP  from  IMOS and t h e i r  v a lu e  o f  
f= - 0 . 4  t o  0 . 0  i s  i n  e x c e l l e n t  a g re e m e n t  w i th  o u r  r e s u l t s  o f  f= - 0 . 1 5  t o  
0 . 0 .  In  t h e  c a s e  o f  InS b , good f i t  t o  IMOS d a t a  h av e  been  o b t a i n e d  by 
assum ing  f=0 [ 1 3 3 ,1 3 4 ] .  From th e  e r r o r  on Ep we deduce  t h a t  t h e  maximum 
v a lu e  t h a t  f  c a n  have  i n  InSb i s  - 2 . 2 .  T here  i s  no r e p o r t e d  m easu rem en t  o f  
th e  h i g h e r  band i n t e r a c t i o n s  i n  GaAs o t h e r  t h a n  t h e  h ig h  p r e s s u r e  r e s u l t s  
p r e s e n t e d  i n  t h i s  work.
The i n t e r a c t i o n  e n e r g i e s  Ep deduced  by Lawaetz a r e  i n  r e a s o n a b l e  
a g reem en t  w i th  t h e  HPI and IMOS r e s u l t s ,  e x c e p t  f o r  InP . Lawaetz assum es 
t h a t  C=-2 (C i s  F i n  r e f  10) f o r  a l l  compounds and i n t r o d u c e s  a  te rm  w hich  
a c c o u n t s  f o r  t h e  i n t e r a c t i o n .  I t  t u r n s  o u t  t h a t  t h i s  te rm  due to
r j c “  (5c i n t e r a c t i o n  i s  n e a r l y  z e ro  f o r  a l l  t h e  compounds l i s t e d  h e r e
e x c e p t  f o r  In P .  Thus f  i s  - 2 . 5  i n  InP  and  i s  a lm o s t  t h e  same f o r  o t h e r
compounds i . e .  f=C =-2 . T h is  t r e n d  i s  q u i t e  o p p o s i t e  t o  t h a t  s e e n  from  th e
e x p e r im e n ta l  s t u d i e s  where InP  h a s  f  c l o s e  t o  z e r o .  I t  i s  i n t e r e s t i n g  to  
n o te  t h a t  InP i s  t h e  m ost i o n i c  o f  a l l  t h e  compounds s t u d i e d  h e r e .
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The Ep v a lu e s  o b t a i n e d  by Hermann and W eisbuch a r e  h i g h e r  th a n  t h o s e
d e te rm in e d  from our  e x p e r im e n t s  o r  IMOS. A lso ,  i n  a l l  t h e  compounds l i s t e d
in  t a b l e  5 . 4 ,  t h e  v a lu e s  o f  f  e s t i m a t e d  by Hermann and W eisbuch a r e  much
l a r g e r  th a n  t h a t  d e r iv e d  from o t h e r  e x p e r i m e n t s .  I t  sh o u ld  be n o te d  t h a t
Hermann and Weisbuch deduced  t h e i r  v a l u e s  o f  Ep from  th e  m easu red
$ $a tm o s p h e r ic  p r e s s u r e  v a l u e s  o f  m and g . They a rg u e d  t h a t  t h e  f a r - b a n d  
c o n t r i b u t i o n s  t o  t h e  g - f a c t o r  s h o u ld  be c o n s i d e r a b l y  s m a l l e r  t h a n  f o r  t h e  
e f f e c t i v e  m a s s .  The m easu red  e x p e r i m e n t a l  g - f a c t o r s  c o u ld  th e n  be u sed  a s  
t h e  p r im a ry  d e te r m in in g  i n f l u e n c e  t o  g i v e  E They a l s o  had to  assum e a
c o n s t a n t  c o n t r i b u t i o n  t o  t h e  e f f e c t i v e  m ass from  th e  f a r - b a n d  te rm s  v i z . ,  
C=-2 f o r  a l l  t h e  compounds. In  o r d e r  t o  b r i n g  th e  k .p  t h e o r i e s  back  i n t o  
a g reem en t  w i th  t h e  e f f e c t i v e  m a s s e s ,  t h e y  w ere  t h e n  f o r c e d  to  i n t r o d u c e  
l a r g e  v a l u e s  o f  E*
r
In  t h e  f i v e  band a p p r o x im a t io n ,  g i s  g iv e n  by [ 1 ] ,
( 5 . 4 )
Using th e  v a lu e s  o f  E and E* d e r i v e d  from  t h e  h ig h  p r e s s u r e  e x p e r im e n t s
th e  g v a lu e s  a r e  c a l c u l a t e d  and t a b u l a t e d  i n  t a b l e  5 . 5 .  These v a l u e s  c an
xnow be compared w i th  t h e  v a l u e s  o f  g o b t a in e d  from  CESR
( c o n d u c t i o n - e l e c t r o n  s p in - r e s o n a n c e )  m easu rem en ts  and t h o s e  v a l u e s
£
c a l c u l a t e d  from IMOS. The g v a l u e s  f o r  In P ,  In  As and InSb a r e  i n  
r e a s o n a b l e  a g reem en t  w i th  t h e  e x p e r i m e n t a l  v a l u e s .  However i n  GaAs t h e r e
i s  a  l a r g e  d i s c r e p a n c y  be tw een  t h e  m easu red  and th e  c a l c u l a t e d  v a l u e s  o f
£ £ 
g , t h e  r e a s o n  f o r  w hich i s  u n c l e a r .  In  b o th  GaAs and GaSb th e  g v a l u e ,
x
deduced  from HPI and IMOS r e s p e c t i v e l y ,  i s  s m a l l e r  th a n  t h e  g m easu red  by 
CESR.
3 \ Ec e0+A /  3 \e0+A'-E0 e'
T a b le  5 .5  Com parison be tw een  t h e  e x p e r im e n ta l  and c a l c u l a t e d  
v a lu e s  o f  g
EXPERIMENTAL THEORETICAL
L aw aetz
[ 10 ]
HPI IMOS CESR
[ 1 ]
InP +1 .44+ 0 .01 + 1 . 48±0 .05  a + 1.26 +1 .20
GaAs - 0 . 08±0 . 0 6 - - 0 .4 4 - 0 . 0 6
InSb -4 8 .0 + 0 .0 1 - 4 8 .0  b - 5 1 .3 - 4 8 .4
GaSb - - 7 . 8 ± 0 . 8 c - 9 .2 5 - 7 . 1 2
InAs - —15±1 d - 1 4 .8 - 1 4 .8
a )  r e f  [ 8 7 ] b) r e f  [1 3 3 ]  c) r e f  [1 4 ]  d) r e f  [ 8 8 ]
HPI -  High P r e s s u r e  I n v e s t i g a t i o n s  ( p r e s e n t  work)
IMOS -  I n t e r b a n d  m a g n e t o - o p t i c a l  s t u d i e s
CESR -  C o n d u c t io n - e l e c t r o n  s p in - r e s o n a n c e  m easu rem en ts
CHAPTER 6
Influence of alloy disorder on the conduction band structure of
( G a i n ) ( A s P ) /  In P
6. 1 I n t r o d u c t i o n
M easurem ents o f  t h e  band gap dep en d en ce  o f  t h e  e f f e c t i v e  mass and th e  
p r e s s u r e  dependence  o f  t h e  d i r e c t  band gap o f  t h e  a l l o y  Gax in ^  x ASyP-j y a r e  
p r e s e n t e d  in  t h i s  c h a p t e r .  As d e s c r i b e d  i n  c h a p t e r  2 ,  t h e r e  i s  
c o n s i d e r a b l e  c o n t r o v e r s y  o v e r  t h e  band s t r u c t u r e  and e f f e c t i v e  mass 
c a l c u l a t i o n s  made f o r  a l l o y  s e m ic o n d u c to r s  u s in g  th e  k .p  t h e o r y .  N ic h o la s  
e t  a l  have  r e p o r t e d  t h a t  i n  I n A s ^ p ^ .  a l l o y s  [3 1 ]  and i n  Gax I n 1_x Asy P 1_y 
a l l o y s  [ 8 4 ] ,  m i s  a  l i n e a r  f u n c t i o n  o f  c o m p o s i t io n .  T h is  i s  i n  
c o n t r a d i c t i o n  t o  th e  s im p le  m o d i f i c a t i o n s  o f  t h e  k .p  t h e o r y  [ 1 ]  w hich  
p r e d i c t  bowing i n  t h e  c o m p o s i t i o n a l  dep en d en ce  o f  t h e  e f f e c t i v e  m a s s .  T h is  
d i s c r e p a n c y  betw een  t h e  e x p e r im e n ta l  and s im p le  t h e o r e t i c a l  m o d e ls  i s  
th o u g h t  t o  be a s s o c i a t e d  w i th  a l l o y  d i s o r d e r  e f f e c t s .  I t  h a s  been  shown 
t h e o r e t i c a l l y  by S ig g ia  [3 6 ]  t h a t  t h e  a l l o y  d i s o r d e r  m o d i f i e s  t h e  
i n t e r a c t i o n  e n e rg y ,  E^. in  t h i s  w ork , h y d r o s t a t i c  p r e s s u r e  h a s  been  u se d  
to  i n v e s t i g a t e  t h e  p r o b a b le  i n f l u e n c e  o f  t h e  a l l o y  d i s o r d e r  on t h e  d i r e c t  
band gap and th e  e l e c t r o n  e f f e c t i v e  m a ss .
6.2 Composition dependence of dEQ/dp
6 .2 .1  R e c o rd in g  p h o t o c o n d u c t iv i t y  r e s p o n s e
The p r e s s u r e  c o e f f i c i e n t  o f  t h e  d i r e c t  band g a p ,  dEQ/d P ,  i s  e v a l u a t e d  
from  th e  band gap p h o t o c o n d u c t i v i t y  m easu rem en ts  a s  a  f u n c t i o n  o f  p r e s s u r e .
1 c
The sa m p le s  u sed  were n - ty p e  w i th  c a r r i e r  c o n c e n t r a t i o n  i n  t h e  r a n g e  3x10 J 
t o  5x 10^  cm” 3. The m easu rem en ts  were made f o r  v a r i o u s  a l l o y  c o m p o s i t i o n s
u s in g  e i t h e r  t h e  p i s t o n - a n d - c y l i n d e r  a p p a r a t u s  o r  t h e  Bridgman a n v i l  
o p t i c a l  h ig h  p r e s s u r e  sy s tem  ( c h a p t e r  4 ) .  The p h o to re s p o n s e  v s .  
w a v e le n g th  c u rv e s  were r e c o r d e d  a s  a  f u n c t i o n  o f  p r e s s u r e  i n  th e  
p i s t o n - a n d - c y l i n d e r  a p p a r a tu s  a s  d e s c r i b e d  i n  t h e  p r e v io u s  c h a p t e r  f o r  GaAs 
and InP . The band gap w a v e len g th  o f  t h e  q u a t e r n a r y  a l l o y  a t  room 
te m p e r a tu r e  changes  from 0 .9 2  pn a t  y=0 t o  1 .6 5  pn a t  y = 1 .0 .  A p p r o p r ia t e  
f i l t e r s  were used  to  e l i m i n a t e  second  o r d e r  e f f e c t s  from s h o r t e r  
w a v e le n g th s  ( c h a p t e r  4 ) .  T y p ic a l  p h o to re s p o n s e  c u rv e s  r e c o r d e d  f o r  a 
y= 0 .55  a l l o y  sam ple  i n  t h e  p i s t o n - a n d - c y l i n d e r .  a p p a r a tu s  a r e  shown in  
f i g u r e  6 .1  f o r  s e v e r a l  v a lu e s  o f  p r e s s u r e .
In  t h e  Bridgman a n v i l  o p t i c a l  h ig h  p r e s s u r e  s y s te m , g e n e r a l l y  t h e  
p r e s s u r e  i s  c a l c u l a t e d  from th e  lo a d  v s .  p r e s s u r e  c a l i b r a t i o n  c u r v e s  
( c h a p t e r  4 ) .  However, when m easu rem en ts  a r e  made w i th  q u a t e r n a r y  a l l o y s  
which  a r e  grown on s e m i - i n s u l a t i n g  ( S I )  In P ,  t h e  p h o to c o n d u c t iv e  edge  o f  
InP can  be used  a s  a  p r e s s u r e  g a u g e .  The p r e s s u r e  c o e f f i c i e n t  o f  th e  
d i r e c t  band gap i n  InP i s  known from th e  m easu red  p r e s s u r e  d e p e n d en c e  o f  
t h e  p h o t o c o n d u c t iv i t y  band gap w hich was d i s c u s s e d  in  t h e  p r e v io u s  c h a p t e r .  
The i n s e t  i n  f i g u r e  6 .2  shows th e  sam ple  c o n f i g u r a t i o n  used  f o r  t h e  p r e s e n t  
e x p e r im e n t .  The l i g h t  beam was f o c u s s e d  on t o  t h e  InP s u b s t r a t e  and th e  
p h o t o c u r r e n t  th ro u g h  th e  c o n t a c t s  on t h e  q u a t e r n a r y  a l l o y  e p i t a x i a l  l a y e r  
was m o n i to re d .  The p h o to re s p o n s e  c u r v e s  i n  t h i s  c o n f i g u r a t i o n  f o r  t h e
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Figure 6-1 Recordings of the photoconductive response of
Ga0-25 n^0*75^s0*5 5 0^'45 measured at various pressures in a 
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Figure 6-2 Recordings of the photoconductive response of 
Ga3 5 In.75As.5 5 P.45 and S I - I n P  measured at various loads  
in the Bridgman anvil optical high pressure system.
The figure in the inset shows the configuration used to  record these 
two responses in the same sample.
q u a t e r n a r y  a l l o y  y= 0 .55  a r e  shown i n  f i g u r e  6 .2  f o r  v a r i o u s  l o a d s .  For 
ph o to n  w a v e le n g th s  l e s s  th a n  th e  band gap w a v e le n g th  o f  In P ,  a l l  t h e  l i g h t  
i s  a b s o rb e d  by InP and hence  no p h o to c o n d u c t iv e  s i g n a l  i s  o b s e r v e d .  
However, a t  t h e  band gap w a v e len g th  o f  InP , a  s h a r p  r i s e  i n  t h e  
p h o to re s p o n s e  c u rv e  i s  s e e n  s i n c e  t h e  l i g h t  i s  now t r a n s m i t t e d  th ro u g h  th e  
InP  s u b s t r a t e  t o  th e  q u a t e r n a r y  e p i t a x i a l  l a y e r .  As t h e  w a v e le n g th  o f  t h e  
i n c i d e n t  l i g h t  ap p ro a c h e d  th e  band gap w a v e le n g th  o f  t h e  q u a t e r n a r y  a l l o y ,  
a  s h a r p  d e c r e a s e  i n  t h e  p h o to re s p o n s e  was o b s e rv e d  c o r r e s p o n d in g  to  t h e  
q u a t e r n a r y  a l l o y  band g a p .  Thus, t h e s e  two d i s t i n c t ,  s h a r p  f e a t u r e s  c o u ld  
be i d e n t i f i e d  and fo l lo w e d  to  h ig h  p r e s s u r e s .  M easurem ents  up t o  a b o u t  20 
k b a r s  c o u ld  be made i n  t h e  Bridgman a n v i l  s y s te m .  However, a ro u n d  20-25  
k b a r ,  t h e  e p i t a x i a l  l a y e r s  (2 t o  8 pn t h i c k )  became v e r y  h ig h  r e s i s t i v e  
p r o b a b ly  b e c a u s e  o f  m e c h a n ic a l  damage t o  t h e  sa m p le .  S i m i l a r  e f f e c t s  have  
been  o b s e rv e d  w i th  t h e  e p i t a x i a l  l a y e r s  o f  GaAs. T h is  m e c h a n ic a l  damage 
c o u ld  have  been  ca u se d  by t h e  change  i n  t h e  s t r e s s  p a t t e r n  when t h e  g a s k e t  
l o c k s  a g a i n s t  t h e  a n v i l  f a c e s  a t  a round  t h i s  p r e s s u r e  [ 1 1 9 ] .  However, t h i s  
d o e s  n o t  seem to  a f f e c t  t h e  r e s u l t s  be low  20 k b a r s  s i n c e  t h e  p h o to re s p o n s e  
c u r v e s  o b t a i n e d  i n  t h e  Bidgman a n v i l  a p p a r a t u s  and th e  p i s t o n - a n d - c y l i n d e r  
a p p a r a t u s  a r e  s i m i l a r  up to  8 k b a r s .  A ls o ,  ab o v e  8 k b a r s ,  t h e  
p h o to re s p o n s e  c u rv e s  do n o t  show any  s i g n i f i c a n t  change  i n  sh a p e  w i th  
p r e s s u r e .
6 . 2 . 2  A n a ly s i s  o f  t h e  e x p e r im e n ta l  r e c o r d i n g s
The p r e s s u r e  dependence  o f  t h e  o p t i c a l  e n e rg y  gap f o r  v a r i o u s  a l l o y  
c o m p o s i t io n s  i s  shown i n  f i g u r e  6 . 3 .  The e n e rg y  a t  t h e  peak  o f  t h e  
p h o to re s p o n s e  c u rv e  was ta k e n  a s  t h e  o p t i c a l  e n e rg y  g a p .  However, i n  
sam p les  where no peak  was o b s e r v e d ,  50% o f  t h e  maximum o f  t h e  PC c u r v e  was 
u se d  ( s e e  c h a p t e r  5 f o r  d e t a i l s ) .  The p r e s s u r e  i n  t h e  s o l i d  c e l l  was
c a l c u l a t e d  from th e  InP p h o to c o n d u c t iv e  edge  u s in g  a band gap  p r e s s u r e
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Figure 6-3 Optical energy gap as  a function of hydrostatic pressure
in Gux^ni-x^syPi-y f°r various alloy compositions.
O r measured in a piston-and-cylinder apparatus 
# , measured in the Bridgman anvil optical high 
pressure apparatus.
c o e f f i c i e n t  o f  dEQ/d P = 8 .5  meV/kbar ( c h a p t e r  5 ) .  The r e s u l t s  o b t a i n e d  from 
th e  p i s t o n - a n d - c y l i n d e r  a p p a r a tu s  a r e  shown by t h e  open sym bols  and th e  
r e s u l t s  from  th e  Bridgman a n v i l  sy s tem  a r e  r e p r e s e n t e d  by t h e  f u l l  sy m b o ls .  
F o r  m ost o f  t h e  sam p les  s t u d i e d ,  t h e  a g re e m e n t  be tw een t h e  two s e t s  o f  
r e s u l t s  was v e r y  good .
6 . 2 . 3  D i s c u s s io n  o f  En and dEQ/d P
The c o m p o s i t io n  d ependence  o f  m easu red  dEQ/d P  i s  shown i n  f i g u r e  6 . 4 .  
dEQ/d P  i n c r e a s e s  w i th  c o m p o s i t io n  a t  f i r s t  and shows a d e c r e a s i n g  t r e n d  f o r  
A s - r i c h  (y > 0 .8 5 )  a l l o y s .  The d a sh ed  c u rv e  i n  f i g u r e  6 .4  i s  o b t a i n e d  by 
l i n e a r l y  i n t e r p o l a t i n g  dEQ/d P  be tw een  i t s  v a lu e  i n  InP and G a ^ ^ I n #53AS 
( y = 1 ) .  The v a lu e  o f  dEQ/d P  f o r  Ga^i | y l n # 5 3 AS was o b ta in e d  i n  a  s i m i l a r  way. 
The p r e s s u r e  c o e f f i c i e n t s  f o r  t h e  b i n a r y  a l l o y s  were t a k e n  from t a b l e  3 . 2 .  
U n lik e  t h e  m easu red  v a lu e s  t h e  i n t e r p o l a t e d  v a lu e s  show a  c o n t in u o u s  
i n c r e a s e  i n  dEQ/d P  w i th  c o m p o s i t i o n .
Papuzza  e t  a l  [1 3 5 ]  and P e a r s a l l  and Hermann [1 3 6 ]  have  e x te n d e d  th e  
P h i l l i p s  and Van Vechten d i e l e c t r i c  model (DM) to  p r e d i c t  t h e  c o m p o s i t io n  
dependence  o f  t h e  band gap o f  t h e  q u a t e r n a r y  a l l o y .  Both  t h e s e  a u t h o r s  
assum e t h a t  t h e  i n t r i n s i c  bowing p a r a m e t e r ,  b i?  i s  z e ro  f o r  t h e  q u a t e r n a r y  
a l l o y  s i n c e  t h e  change  i n  l a t t i c e  c o n s t a n t  i s  z e ro  a c r o s s  t h e  a l l o y  
c o m p o s i t i o n .  Thus, t h e  band gap bowing i s  e n t i r e l y  due t o  t h e  e x t r i n s i c  
bow ing , b Q ( c h a p t e r  2 ) .  S in c e  t h e  d i s o r d e r  on t h e  c a t i o n  s u b l a t t i c e  i s  
s t a t i s t i c a l l y  in d e p e n d e n t  o f  t h e  d i s o r d e r  on t h e  a n io n  s u b l a t t i c e ,  t h e  
d i s o r d e r  bowing b can  be  e x p r e s s e d  a s  [ 136 ] ,
'  2 2
e = ^ I I I  x ( 1 - x ) + Cy y ( 1 - y ) ( 6 . 1 )
where Cj j j  and Cy a r e  r e l a t e d  to  t h e  e l e c t r o n e g a t i v i t y  d i f f e r e n c e  be tw een  
t h e  a tom s on t h e  g r o u p - I I I  and group-V  s u b l a t t i c e  r e s p e c t i v e l y  ( c h a p t e r  2 ) .  
P e a r s a l l  and Hermann [1 3 6 ]  deduce  t h e  f o l l o w in g  e x p r e s s io n  f o r  b 0 , t a k i n g  
t h e  v a l u e s  o f  Cj j j  and Cy from  th e  t e r n a r y  compounds.
f 0
t>e = 0 .2 1 9  y + 0 .  149 y ( 6 .2 )
The c o m p o s i t io n  dependence  o f  t h e  band gap c a l c u l a t e d  by u s in g  t h i s
t
e x p r e s s i o n  f o r  b Q i s  i n  good ag re e m e n t  w i th  t h e  e x p e r im e n ta l  r e s u l t s  [ 1 3 6 ] .  
In  t h i s  work, t h e  p r e s s u r e  dep en d en ce  o f  t h e  d i r e c t  band gap h a s  been  
c a l c u l a t e d  u s in g  EM, a ssum ing  t h a t  t h e  bowing p a ra m e te r  i s  i n d e p e n d e n t  o f  
p r e s s u r e .  and Dav a r e  assumed to  v a r y  l i n e a r l y  w i th  c o m p o s i t io n  and th e  
p r e s s u r e  d ependence  o f  D&v was c a l c u l a t e d  f o l lo w in g  th e  p ro c e d u r e  d e s c r i b e d  
by Camphausen ( c h a p t e r  2 ) .  As f o r  t h e  compound s e m ic o n d u c to r s ,  dC ^/dP  i s  
assumed to  be  z e ro  [ 1 7 ] .  EQ^  and AEjdepend o n ly  on t h e  l a t t i c e  c o n s t a n t  
and h ence  rem a in  c o n s t a n t  a s  a  f u n c t i o n  o f  c o m p o s i t i o n .  P r e s s u r e
d ep en d en ce  o f  Eoh and AEjWere c a l c u l a t e d  from th e  i n t e r p o l a t e d  v a l u e s  o f
c o m p r e s s i b i l i t y .  The fo rm u la e  f o r  t h e s e  c a l c u l a t i o n s  a r e  g iv e n  i n  
a p p e n d ix  1. The c a l c u l a t e d  v a r i a t i o n  o f  dEQ/d P  a s  a  f u n c t i o n  o f
c o m p o s i t io n  i s  shown by t h e  s o l i d  l i n e  i n  f i g u r e  6 .4 .  T h is  i s  c l e a r l y  i n  
d i s a g r e e m e n t  w i th  t h e  e x p e r im e n ta l  r e s u l t s .  I t  i s  i n t e r e s t i n g  to  n o t e  t h a t  
t h e  m easu red  v a lu e s  a p p e a r  t o  f o l l o w  t h e  a l l o y  d i s o r d e r .  The a l l o y
d i s o r d e r  p a r a m e te r ,  x ( 1- x ) + y ( 1 -y )  i n c r e a s e s  a t  f i r s t  and r e a c h s  i t s  maximum 
a t  a b o u t  y = 0 .7  and d e c r e a s e s  t o  i t s  v a lu e  a t  y=1 ( s e e  f i g u r e  6 . 9 ) .
However, t h e  dEQ/d P  v a lu e s  c a l c u l a t e d  from DM m o n o to n ic a l ly  i n c r e a s e  w i th  
c o m p o s i t i o n .  I t  i s  t o  be n o te d  t h a t  EM d o e s  n o t  i n c l u d e  p o s i t i o n a l
d i s o r d e r  i . e . ,  no l o c a l  v a r i a t i o n s  i n  t h e  l a t t i c e  p a ra m e te r  a r e  c o n s i d e r e d  
and th e  e q u a l  bond l e n g t h  VCA i s  a s su m ed .  However, t h e  m easu rem en ts  o f
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Figure 6*4 Compositional dependence of the pressure 
coeff ic ient  of the direct band gap of GaxIn^xAsyP^y
_______ , C a l c u l a t e d  from t h e  d i e l e c t r i c  model
( a l l o y  d i s o r d e r  c o r r e c t i o n s  n o t  c o n s i d e r e d ) ;
  , l i n e a r l y  i n t e r p o l a t e d  b e tw e en  In P  and  Ga<47I n #53As ;
  r b e s t  c u rv e  th ro u g h  t h e  e x p e r i m e n t a l  d a t a  ;
•  , e x p e r i m e n t a l  r e s u l t s .
M ik k e lso n  and Boyce [4 0 ]  d e s c r i b e d  i n  c h a p t e r  2 ( f i g u r e  2 .4 )  c l e a r l y  show 
t h a t  t h i s  i s  n o t  t r u e  i n  an a l l o y  s e m ic o n d u c to r .  S in c e ,  v a r i o u s  bonds i n  
t h e  q u a t e r n a r y  a l l o y  have  d i f f e r e n t  c o m p r e s s i b i l i t i e s  ( t a b l e  6 . 3 )  t h e r e  i s  
l i k e l y  t o  be a change  i n  t h e  e l e c t r o n  d i s t r i b u t i o n  a round  th e  a tom s a s  t h e  
p r e s s u r e  i s  a p p l i e d .  T h is  v iew  h a s  been  s u p p o r te d  by t h e  m easu red  
c o m p o s i t io n  dependence  o f  dm /dE Q and th e  d i s c u s s i o n  p r e s e n t e d  in  l a t e r  
s e c t i o n s .  The d i f f e r e n c e  i n  c o m p r e s s i b i l i t i e s  o f  t h e  bonds  c an  i n f l u e n c e  
th e  p r e s s u r e  dependence  o f  Eq i n t h e  f o l l o w i n g  ways:
( i )  The r e d i s t r i b u t i o n  o f  c h a rg e  c o u ld  l e a d  to  a  change  i n  (h and a l s o  a 
change  i n  t h e  e x t r i n s i c  bowing p a r a m e te r ,  b
( i i )  The r a t i o  o f  v a r i o u s  bond l e n g t h s  i s  c h a n g in g  w i th  p r e s s u r e  w hich  
c o u ld  l e a d  to  a  change  i n  t h e  i n t r i n s i c  bowing p a r a m e te r ,  b ^ .
R e c e n t ly ,  Zunger and J a f f e  [1371 have  c a l c u l a t e d  th e  d i s o r d e r  bowing 
p a ra m e te r  i n  t e r n a r y  a l l o y  s e m ic o n d u c to r s  t a k i n g  i n t o  a c c o u n t  t h e  
e x p e r i m e n t a l  o b s e r v a t i o n s  o f  M ikke lson  and Boyce. T h e o r e t i c a l  c a l c u l a t i o n s  
on t h e s e  l i n e s  may p e rh a p s  be a b l e  to  a c c o u n t  f o r  t h e  m easu red  v a r i a t i o n  o f  
dEQ/ d p  w i t h  c o m p o s i t io n  i n  Gax In- |_x ASyPi_y.
L i f s h i t z  e t  a l  [6 6 ]  have i n v e s t i g a t e d  t h e  p r e s s u r e  d e p e n d en c e  o f  
d i r e c t  band gap i n  t h e  t e r n a r y  a l l o y ,  G a ^ A ^ A s .  They o b s e rv e d  an i n i t i a l  
i n c r e a s e  i n  dEo /d P  up t o  x = 0 .25  c o m p o s i t io n  w here t h e r e  was a  su d d en  
d e c r e a s e  u n t i l  a t  x = 0 .35  a  s t e a d y  v a lu e  was e s t a b l i s h e d  up t o  x = 0 .5  
c o m p o s i t i o n .  M easurem ents were n o t  made beyond t h i s  c o m p o s i t io n  s i n c e  
(GaAl)As becomes i n d i r e c t  f o r  x > 0 .4 5 .  Fo r  t h e  q u a t e r n a r y  a l l o y  no such  
d i s c o n t i n u i t y  i s  found i n  t h e  c o m p o s i t io n  r a n g e  i n  w hich m easu rem en ts  w ere  
made. However, i t  would be i n t e r e s t i n g  to  e x te n d  t h e s e  m easu rem en ts  t o  t h e  
r a n g e  0 .6 5 < y < 0 .8 5  t o  s e e  i f  t h e r e  i s  any  d i s c o n t i n u i t y  i n  t h i s  r e g i o n .
6.3 Band gap dependence of effective mass
The band gap dependence  o f  t h e  e f f e c t i v e  mass was s t u d i e d  f o r  two 
a l l o y  c o m p o s i t i o n s ;  y= 0 .55  and y = 1 .0 .  The e x p e r i m e n t a l  p r o c e d u r e  
( c h a p t e r  4 )  and th e  method o f  a n a l y s i s  a r e  t h e  same a s  d e s c r i b e d  i n  t h e  
p r e v io u s  c h a p t e r  f o r  GaAs and In P .  High p u r i t y  s a m p le s  were u se d  i n  t h e  
m easu rem en ts  and th e  c h a r a c t e r i s t i c s  o f  t h e s e  sa m p le s  a r e  l i s t e d  i n  t a b l e  
6 . 1.
T a b le  6 .1  Ga I n .  vAs.rP-i ,r sam ple c h a r a c t e r i s t i c s .
—  i— x  y i — y
M a t e r i a l y n 300 ^300 P-77
L a t t i c e
m ism atch
( 1 0 15cm“ 3 )
p
cm^/Y-s ( 10” ^ x A a /a )
Ga.2 5 I n .7 5 As.5 5 P .45 0 .5 5 2 .0 5220 13580 0 .3 6
Ga.4 7 I n .5 3 As 1.0 2 .0 12000 43000 3 .0
In  t h e  e x p e r im e n t ,  a s  t h e  p r e s s u r e  was a p p l i e d  th e  e f f e c t i v e  m ass was 
m easu red  by th e  o b s e r v a t i o n  o f  m agnetophonon o s c i l l a t i o n s  w h i l e  t h e  band 
gap was m o n i to re d  u s in g  p h o t o c o n d u c t i v i t y  t e c h n i q u e s .  The movement w i th  
l o a d  o f  t h e  p h o to c o n d u c t iv e  edge and th e  m agnetophonon o s c i l l a t i o n s  
r e c o r d e d  a t  290 K a r e  shown i n  f i g u r e  6 .5  f o r  a  sam ple  o f  y = 0 .5 5 .  Only t h e  
magnetophonon o s c i l l a t i o n s  r e c o r d e d  w i th  i n c r e a s i n g  f i e l d  a r e  shown i n  t h e  
f i g u r e .  However, t h e  a c t u a l  f i e l d  p o s i t i o n  f o r  any  p eak  was c a l c u l a t e d  
from th e  r e c o r d i n g s  o f  t h e  o s c i l l a t i o n s  t a k e n  w i th  i n c r e a s i n g  and 
d e c r e a s i n g  f i e l d s .  Thus, t h e  a v e ra g e  m a g n e t ic  f i e l d  c o r r e s p o n d in g  to  t h e  
c l e a r l y  r e s o l v e d  peak  ( n e a r  6 t e s l a )  i n  f i g u r e  6 .5  i s  5 .7 6  T e s l a .  T h is
InP
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peak  can  be a s s ig n e d  to  b o th  ’ I n P - l i k e ’ and ’G a l n A s - l i k e ’ modes
c o r r e s p o n d in g  to  N=4 and N=3 harm on ic  num bers r e s p e c t i v e l y .  The
f r e q u e n c i e s  c o r r e s p o n d in g  to  t h e s e  two modes a r e  t a k e n  from th e  r e s u l t s  o f
P in czu k  e t  a l  ( f i g u r e  3 . 7 ) .  Based on t h e  above  a s s ig n m e n t s  i t  can  be
i n f e r r e d  t h a t  t h e  N=3 peak  c o r r e s p o n d in g  to  ’ I n P - l i k e ’ mode and N=2 peak
c o r r e s p o n d in g  to  ’G a l n A s - l i k e ’ mode a r e  s e p a r a t e d  by a b o u t  1255 and hence
a r e  n o t  c l e a r l y  r e s o l v e d .  T h is  i s  s e e n  i n  f i g u r e  6 .5  a s  a  b ro a d  f e a t u r e
a round  8 . 5  t o  9 .5  T e s l a .  In  t h e  c a l c u l a t i o n s  o f  t h e  e f f e c t i v e  mass o n ly
t h e  peak  a t  5 .7 6  T e s l a  was u s e d .  The n o n p a r a b o l i c i t y  c o r r e c t i o n s  were
c a l c u l a t e d  from  e q u a t io n  2 .5 0 .  The phonon f r e q u e n c i e s ,  n o n p a r a b o l i c i t y
c o r r e c t i o n  and th e  c a l c u l a t e d  band edge e f f e c t i v e  mass a r e  l i s t e d  i n  t a b l e
6 .2  f o r  two l o a d s ;  one a t  z e ro  lo a d  ( a tm o s p h e r ic  p r e s s u r e )  and th e  o t h e r
a t  a  h i g h e r  lo a d  a t  w hich t h e  band gap h a s  changed  by AEQ= 0.095  eV. The
1
p r e s s u r e  c o e f f i c i e n t  o f  t h e  phonon f r e q u e n c y  i s  t a k e n  t o  be 0 .5 2 5  cm / k b a r  
and 0 .4 3 4  cm” V k b a r  f o r  InP and GalnAs modes r e s p e c t i v e l y .  These  v a lu e s  
c o r r e s p o n d  to  th e  m easured  p r e s s u r e  c o e f f i c i e n t s  o f  t h e  phonon f r e q u e n c i e s  
i n  InP and GaAs r e s p e c t i v e l y  ( c h a p t e r  2 ) .  In  o r d e r  t o  c o n v e r t  t h e  p r e s s u r e  
c o e f f i c i e n t  o f  t h e  phonon f r e q u e n c i e s  t o  dco^/dE , t h e  p r e s s u r e  d ep en d en ce  
o f  t h e  d i r e c t  band gap m easured  in  t h i s  work was u s e d .  F o r  t h e  p o l a r o n  
enhancem ent c o r r e c t i o n s  was c a l c u l a t e d  from th e  m ethod s u g g e s t e d  in
c h a p t e r  3 ( s e c t i o n  3 .1 2 )  to  be
o C  = 0 .0 5 8  o C  = 0 .0 1 3
InP GalnAs
In  t h e s e  c a l c u l a t i o n s ,  f o r  t h e  InP mode was t a k e n  a s  2 3 .4  cm-1 from
th e  m easu rem en ts  o f  P inczuk  e t  a l  [ 9 6 ] .  However, f o r  GalnAs mode P inckzuk  
e t  a l  c o u ld  n o t  r e s o l v e  LO and TO phonon modes and h ence  0 ^ 5 . 4  cm“ ^
was assumed from th e  m easured  v a lu e  o f  ancj co t  f 0 r  t h e  GaAs mode [ 4 2 ] .  
The p o la r o n  enhancem ent c o r r e c t i o n  b a sed  on t h e  oC^ v a l u e s  g iv e n  a b o v e ,  was 
found to  be a b o u t  1. 9455 f o r  th e  InP mode and a b o u t  0 .5 $  f o r  t h e  GalnAs
mode. The p r e s s u r e  d ependence  o f  ©Cf  was n o t  c o n s id e r e d  s i n c e  p o la r o n  
enhancem ent c o r r e c t i o n  i s  o n ly  a s m a l l  c o r r e c t i o n  and a l s o  th e  c a l c u l a t e d  
v a l u e s  o f  dcx^/^p po r  compound s e m ic o n d u c to r s  i s  s m a l l .  The e f f e c t i v e  mass 
c a l c u l a t e d  from  th e  two modes a r e  i n  e x c e l l e n t  a g re e m e n t  w i th  e a c h  o t h e r .  
The a tm o s p h e r ic  p r e s s u r e  v a lu e  d e te rm in e d  i n  t h i s  work i s  s l i g h t l y  s m a l l e r  
( a b o u t  1 .5 /0  th a n  t h e  low  t e m p e r a tu r e  e f f e c t i v e  mass r e p o r t e d  by N ic h o la s  
e t  a l  [ 8 4 ] ,  w h ich  i s  t o  be e x p e c t e d .
Only one m agnetophonon s e r i e s  c o r r e s p o n d in g  to  t h e  do m in an t
’G aA s-l ike*  LO phonon mode ( 0 ^ - 2 7 1  cm“ 1 ) was o b s e rv e d  i n  GSq i^InQ 53AS.
The m easu rem en ts  were made a t  210+10 K and  two peaks  c o r r e s p o n d in g  to  N=3
and  N=4 harm on ic  num bers were c l e a r l y  r e s o l v e d .  For t h e  c a l c u l a t i o n s  o f
t h e  e f f e c t i v e  mass a t  v a r i o u s  l o a d s ,  t h e  p r e s s u r e  c o e f f i c i e n t  o f  t h e  phonon
-1
f re q u e n c y  was assumed to  be 0 .4 3 4  cm , b a sed  on th e  m easu red  v a lu e  o f
i n  GaAs. A l l  t h e  c a l c u l a t i o n s ,  e x c e p t  t h e  n o n p a r a b o l i c i t y
c o r r e c t i o n ,  a r e  s i m i l a r  t o  th o s e  d e s c r i b e d  f o r  t h e  y = 0 .55  a l l o y .  R e c e n t l y ,
S a rk a r  e t  a l  [9 8 ]  have  m easu red  th e  n o n p a r a b o l i c i t y  f o r  t h e  Gag ny lng  53AS
a l l o y  and found t h a t  i t  i s  n e a r l y  tw ic e  t h e  v a l u e , p r e d i c t e d  by t h e  s im p le
t h r e e - b a n d  k .p  m odel .  These a u t h o r s  h a v e  f i t t e d  t h e i r  m easu red  v a r i a t i o n  
£
o f  m w i th  e n e rg y  t o  e v a l u a t e  e m p i r i c a l l y  t h e  p a ra m e te r  K2 a p p e a r in g  in  
e q u a t i o n  2 . 7 .  The f i t t e d  v a lu e  o f  K2= _ 1 .8  ( f o r  sam ple  85 i n  r e f .  98) was 
u se d  in  o u r  c a l c u l a t i o n s  and th e  n o n p a r a b o l i c i t y  c o r r e c t i o n  f o r  t h e  
a tm o s p h e r ic  p r e s s u r e  v a lu e  o f  m agnetophonon mass i s  found  to  be  a b o u t  17$. 
F o r  p o l a r o n  enhancem ent c o r r e c t i o n s  c*GaAs= 0*°73 ( c h a p t e r  3)  was u s e d .  The 
c a l c u l a t i o n s  f o r  two band g a p s ; one a t  a tm o s p h e r ic  p r e s s u r e  and t h e  o t h e r  
a t  a h i g h e r  lo a d  a r e  p r e s e n t e d  i n  t a b l e  6 . 2 .
CO
o n
i n
cd
U
XJ
X
cd
in
^ r
cuinin
co
■=cin
i ncu
cd
O
X*rH
CO
x
o
-H
O
cd
i—i
X
a
*—i 
cd 
o
CO
to
cd
E
(D
>•rH
X>
O
0)Cm
X .
CD
CD
W
■a
CD
- a
x
cd
CO
CDI—1
n
cd
i*d
o
cr>OJ
u
E<
a .
in
in
co
<£.in
c—
xi—i
in
cm
cd
O
cx
e
cd
c/0
in
o
o
(i
II x2: os—^ »H
n  
CD o  
T3 CD O 2, 
E  X 
o
(D O  
*h  n
rH X 
J CD
co E
*=C CD 
X O M X 
cd cd 
o  .x  
x  
a>
x
o
x
cd
c—J
o
c x
o
cx
x
*  a .
s
\
. x
cx
e
cd2  i—l
CQ CO
2 :  (D
n
I
co
o n
cx,
Cd
< 1
CX
cdb0
XJ
X
cd
o
>
a)
>
CD
O
CO
in
o
o
c o
c—
o
c n
O
vO
in
vO
o
o
o
C—
o
CO
cu
CM
-=r
CO
in
CM<n
vO CM
E r - inin vO
cn 3K o o*— E • «
O o o
it
x
o ^ J C
•rH *  a .
II -p + - £ ^3" cn
2: o o CO tr—
CD CX X o O
X X cx • *
CD X E ' — '—
X! o - — -
O O
E
X>
CD X
Xd CD
S
r~1 CD cd ^r in
i O 2: f—i o on
a . x CQ to • ♦
x cd 2 CD on vO
M X -P CM CM
X —"
CO
X
o
X '—-
cd T--
i—i 1 C— 0—
o __» CO vO vO
cx 3 on on -=3”,__- r— * •
o VO vO
3 3
in
cTv 
O
O
o
CM
It
E I
^ r
CM
O
II
X
o
•rH
n  
CD o  x) Cd
0  x  
£  ^
o
- a
<D
^  - p  
*H X 
CD
1 s
CO CD
«=d o  
cd xU dl-  x: 
x
CD
x
o
X
cdr—i
o
cx
CO
<=d
o n
in
x
HH
cd
o
cx
s
cd
CO
* o
cx
x
< Q.
e
x:
cx
£
CQ co
2 :  a>
n
— *  a .
o  6
cx \  
x  x:
cxs
2;
CQ
2:
3
i
m
o n
cx,
pit
Cd
< J
cx
cd
60
X)
X
cd
X)
>
CD
CD
vOCTv
o n
O
O
c—
CMco
o n
c n
o n
O
o n
oo
vo
in
o
t—
co
O
COvO
o
o
o
=T
o
CM
vO
=T
vO
CM
in
CO
O
c n
CM
o
no
np
ar
ab
ol
ic
it
y 
co
rr
ec
ti
o
n
As d e s c r i b e d  in  t h e  p r e v i o u s  c h a p t e r ,  i n  o r d e r  t o  compare th e  
e x p e r im e n ta l  e f f e c t i v e  mass w i th  t h e o r y ,  i t  i s  n e c e s s a r y  t o  know t h e  k .p  
band g a p .  The k .p  band gap f o r  t h e  a l l o y s  y= 0 .55  and y=1 were c a l c u l a t e d  
from e q u a t i o n  5 . 2 ,  u s in g  th e  i n t e r p o l a t e d  v a l u e s  o f  °Cb h , K ( c h a p t e r  3) and 
th e  m easu red  v a lu e  o f  dEQ/d P .  The k .p  band gap f o r  t h e  two a l l o y s  a t  t h e  
t e m p e r a tu r e  o f  i n t e r e s t  a r e :
E0 ( k .p )  = 1 .0 1 9  eV a t  290 K f o r  y= 0 .55  a l l o y
EQ( k .p )  = 0 .7 8 7  eV a t  210 K f o r  y = 1 .0  a l l o y
The change  i n  k .p  band gap w i th  lo a d  i s  assumed to  be  t h e  same a s  t h e
m easured  change  i n  t h e  p h o t o c o n d u c t i v i t y  band g a p .  The m easu red  v a r i a t i o n  
o f  m w i th  k .p  band gap i s  compared w i th  t h e o r y  i n  s e c t i o n  6 . 4 . 2 .
6 .4  D i s c u s s io n
6 . 4 . 1  C om pos it ion  dependence  o f  e f f e c t i v e  mass
The c o m p o s i t i o n a l  dependence  o f  t h e  a tm o s p h e r i c  p r e s s u r e  v a lu e  o f  t h e  
e l e c t r o n  e f f e c t i v e  mass m easured  by v a r i o u s  m ethods  i s  shown i n  f i g u r e  6 . 6 .  
The m v a lu e s  m easured  by S hubn ikov -deH ass  e f f e c t  a r e  s u b j e c t  t o  l a r g e  
e r r o r  [ 7 5 ]  and a r e  n o t  i n c lu d e d  in  t h e  f i g u r e .  Hermann and W eisbuch [ 1 ]  
have  s u g g e s te d  t h a t  t h e  a tm o s p h e r ic  p r e s s u r e  e f f e c t i v e  mass f o r  t h e  a l l o y  
s e m ic o n d u c to r s  can  be c a l c u l a t e d  from th e  m u l t ib a n d  a p p ro x im a t io n  
( e q u a t io n  5 . 1 ) ,  assum ing  a l i n e a r  v a r i a t i o n  o f  i n t e r a c t i o n  e n e r g i e s  Ep and
i
Ep w ith  c o m p o s i t io n  and a  c o n s t a n t  v a lu e  o f  C=-2. Using t h i s  a p p ro a c h  f o r  
Gax in-j_x ASyPi_y» mat r i x  e le m e n ts  Ep (= 2 0 .7 + 4 .6 y )  and Ep ( = 2 .1 + 0 .8 y )
were i n t e r p o l a t e d  l i n e a r l y  be tw een  t h e  v a l u e s  f o r  t h e  a l l o y  b o u n d a ry  
c o m p o s i t io n s  InP and GaQ  ^i|7I n 0 # 53As [ 7 5 ] .  The low  t e m p e r a tu r e  v a l u e s  o f
E x p e r im en t
0 .0 8
C y c l o t r o n  r e s o n a n c e
•  (InP-mode)
A (GalnAs-mode)
M agnetophonon e f f e c t
I n t e r b a n d  m a g n e t o - o p t i c a l  
a b s o r p t i o n
0 . 0 7
0 . 0 6co
to
QJ
0 . 0 5
0 . 0 4
Composition {y)
1.00 . 4o 0.2 0.6 0.8
Figure 6- 6  Compositional dependence of the electron effect ive  
mass in GsxIn-pxAsyP^-y
----------------  , B e s t  l i n e  th ro u g h  t h e  e x p e r im e n ta l ,  d a t a
(m*/m =  0 . 0 8 0 - 0 . 0 3 9y)
, c a l c u l a t e d  by t h e  a u t h o r  
( f i v e  band  m odel,  s e e  t e x t )  ;
, From t h e  r e s u l t s  o f  P e a r s a l l  & Hermann 
(m u l t ib a n d  f o r m u l a t i o n ) ;
( E P  c o r r e c t e d  
y  f o r  a l l o y  
d i s o r d e r )
From t h e  m u l t ib a n d  f o r m u l a t i o n  
(Hermann & W eisbuch)
(no a l l o y  d i s o r d e r  
c o r r e c t i o n s ) .
the measured band gaps, Eq and ^ } discussed in.chapter 3 , were used in the
c u r v e  i n  f i g u r e  6 . 6 .  The d i s c r e p a n c y  be tw een  th e  c a l c u l a t e d  and t h e  
m easu red  v a lu e s  i s  t h o u g h t  t o  be due to  t h e  l o c a l  d i s o r d e r  i n  t h e  a l l o y .  
S i g g ia  [3 6 ]  h a s  shown t h e o r e t i c a l l y  t h a t  t h e  p r e s e n c e  o f  a l l o y  d i s o r d e r  
l e a d s  t o  a  r e d u c t i o n  i n  EpJ b e c a u se  t h e  l o c a l  d i s o r d e r  w i l l  mix th e  
c o n d u c t io n  and v a le n c e -b a n d  s t a t e s .  Such a  r e d u c t i o n  i s  found  to  be 
n e c e s s a r y  t o  e x p l a i n  t h e  m easu red  c o m p o s i t io n  dependence  o f  ra i n  InA s^_x Px 
[3 1 ]  and o t h e r  t e r n a r y  a l l o y s  ( c h a p t e r  2 ) .  The f r a c t i o n  o f  m ix in g  b e tw een  
t h e  c o n d u c t io n  and v a le n c e -b a n d  s t a t e s ,  f ^  a s  a  f u n c t i o n  o f  a l l o y  
c o m p o s i t io n  h a s  been  e s t i m a t e d  by P e a r s a l l  and Hermann [1 3 6 ]  f o r  t h e  
q u a t e r n a r y  a l l o y .  f  i s  c a l c u l a t e d  a s  t h e  d i s o r d e r  bowing be d i v id e d  by 
t h e  w e ig h te d  e n e rg y  gap [ 7 5 ] ,  i . e . ,
w h e re ,  EQ(y )  i s  t h e  w e ig h te d  band gap d e f i n e d  in  e q u a t i o n  ( 2 . 5 6 ) .  The 
p r e s e n c e  o f  a l l o y  d i s o r d e r  w i l l  r e d u c e  Ep by t h e  f r a c t i o n  o f  m ix in g  and 
h e n c e ,
The e f f e c t  o f  d i s o r d e r  m ix ing  on Ep i s  assumed to  be s m a l l  and t h e  h i g h e r  
band term  C i s  ta k e n  a s  e q u a l  to  - 2 .  The c a l c u l a t e d  v a r i a t i o n  i s  shown i n  
f i g u r e  6 .6  by t h e  dash ed  c u rv e  and t h i s  c u rv e  shows a b e t t e r  a g re e m e n t  w i th  
t h e  m easured  v a l u e s .  E q u a l ly  good a g reem en t  can  be o b t a i n e d  from  th e  
f i v e - b a n d  model t a k i n g  i n t o  c o n s i d e r a t i o n  t h e  e f f e c t s  o f  a l l o y  d i s o r d e r ,  a s  
shown by t h e  s o l i d  c u r v e .  The i n t e r a c t i o n  e n e r g i e s  f o r  t h i s  c a l c u l a t i o n  
were i n t e r p o l a t e d  from  th e  c o r r e s p o n d in g  v a lu e s  i n  InP , GaAs and  InA s.
£
c a l c u l a t i o n  o f  m . The h i g h e r  band gaps  were i n t e r p o l a t e d  ( c h a p t e r  3 ) .
£
The c a l c u l a t e d  v a r i a t i o n  o f  m w i th  c o m p o s i t io n  i s  shown by t h e  d o t t e d
f y = be / E 0 (y ) ( 6 . 3 )
( 6 . 4 )
The e x p e r i m e n t a l l y  d e te rm in e d  v a lu e  o f  Ep ( p r e s e n t  work) f o r  InP and  GaAs 
were u sed  and Ep f o r  InAs was c a l c u l a t e d  by assum ing  a t h r e e - b a n d  m odel.  
The Ep f o r  t h e  q u a t e r n a r y  a l l o y  was c a l c u l a t e d  from th e  i n t e r p o l a t i o n  
e q u a t i o n  3*3 and i s  g iv e n  by ,
Ep (y )  = 1 6 .7 + 6 .29y ( 6 . 5 )
A s m a l l  c o n t r i b u t i o n  from th e  h i g h e r  bands  was i n c lu d e d  b a sed  oh t h e
/ /
m easu red  v a lu e  o f  Ep i n  GaAs (Ep=0 f o r  I n P ) .  T hus ,  Ep f o r  t h e  q u a t e r n a r y
a l l o y  i s  assumed to  v a r y  a s  t h e  GaAs f r a c t i o n  i n  t h e  a l l o y ,  i . e . ,  Ep =5 xy
eV. The i n t e r p o l a t e d  Ep v a l u e s  were r e d u c e d  by t h e  f r a c t i o n  o f  m ix in g  as
£s u g g e s t e d  by P e a r s a l l  and Hermann ( e q u a t i o n  6 . 4 ) .  The r e s u l t i n g  m v s .  Eq 
v a r i a t i o n  ( s o l i d  c u rv e )  i s  v e r y  s i m i l a r  t o  t h a t  p r e d i c t e d  by P e a r s a l l  and 
Hermann (d ash ed  c u r v e ) .  However, b o th  t h e  c a l c u l a t i o n s  show a  s m a l l  bowing 
which  i s  n o t  s e e n  i n  t h e  e x p e r i m e n t a l  r e s u l t s .  T h is  d i s c r e p a n c y  c o u ld  be 
due t o  t h e  f a c t  t h a t  t h e  p o s i t i o n a l  d i s o r d e r  h a s  n o t  been  c o n s id e r e d  i n  t h e  
c a l c u l a t i o n  o f  t h e  e f f e c t  o f  d i s o r d e r  on Ep .
The c a l c u l a t i o n s  p r e s e n t e d  above  show c l e a r  e v id e n c e  f o r  a r e d u c t i o n  
i n  E due t o  t h e  p r e s e n c e  o f  a l l o y  d i s o r d e r .  However, i t  i s  n o t  n e c e s s a r y
r
t o  i n c l u d e  l a r g e  h i g h e r  band te rm s  a s  h a s  b een  s u g g e s te d  by o t h e r  a u t h o r s  
[ 1 ) 1 3 6 ] ,  s i n c e  a  5 -band  model g i v e s  a s  good an a g re e m e n t  w i th  t h e  
e x p e r im e n ta l  r e s u l t s  a s  t h e  m u l t ib a n d  m o d e l .  In  t h e  p r e v io u s  c h a p t e r ,  i t  
was shown t h a t  t h e  a s su m p t io n  made by Hermann and W eisbuch (H&W) t h a t  C=-2 
i s  a  u n i v e r s a l  v a lu e  f o r  a l l  s e m ic o n d u c to r s  i s  q u e s t i o n a b l e .  I t  i s  t h e n  
i n t e r e s t i n g  to  s tu d y  t h e  i n f l u e n c e  o f  h i g h e r  band te r ras  on t h e  e f f e c t i v e  
mass i n  a l l o y  s e m ic o n d u c to r s  u s in g  t h e  v a l u e s  o f  t h e  i n t e r a c t i o n  e n e r g i e s  
g iv e n  by H&W. In  t h e  q u a t e r n a r y  a l l o y ,  t h e  c o n t r i b u t i o n  from th e  band
v a r i e s  from 5 .0 $  i n  InP t o  11$ i n  GaQ ^ l n Q ^^As w h i le  t h e  c o n t r i b u t i o n  
from th e  f a r  bands  te rm  C v a r i e s  from  16$ in  InP t o  8 .2 $  i n  GaQ 4y l n 0 53A s*
However, s i n c e  t h e  fu n d a m e n ta l  band gap d e c r e a s e s  w i th  c o m p o s i t io n  i n  t h i s  
a l l o y  and th e  Eq gap re m a in s  a lm o s t  c o n s t a n t  ( c h a p t e r  3 )  w i th  c o m p o s i t i o n ,  
i t  i s  e x p e c te d  t h a t  t h e  c o n t r i b u t i o n  from th e  band s h o u ld  d e c r e a s e
w i th  c o m p o s i t i o n .  C o n s id e r in g  th e  a l l o y  I n A s ^ p ^ .  [ 3 1 ] ,  t h e  c o n t r i b u t i o n  
from  bands  to  m v a r i e s  from  0.1% i n  InAs t o  5 .0 $  i n  InP w h i l e  t h e
c o n t r i b u t i o n  from C v a r i e s  from  4 .5 $  i n  InAs to  16$ i n  In P .  Thus i n  b o th  
t h e  a l l o y s  t h e  c o n t r i b u t i o n  from f a r  band te rm s  i s  much h i g h e r  th a n  t h e  
c o n t r i b u t i o n  from th e  i n t e r a c t i o n  w hich  i s  q u e s t i o n a b l e .  In  t h e  l i g h t
o f  t h e  r e s u l t s  p r e s e n t e d  i n  t h e  p r e v io u s  c h a p t e r  f o r  t h e  compound 
s e m ic o n d u c to r s  and a l s o  t h e  d i s c u s s i o n  p r e s e n t e d  i n  t h i s  s e c t i o n  i t  can  be 
i n f e r r e d  t h a t  C=0 i s  a  r e a s o n a b l e  a s s u m p t io n  f o r  t h e  a l l o y s .
£
6 . 4 . 2  C om pos it ion  dependence  o f  dm /d E Q
The band edge e f f e c t i v e  mass i s  p l o t t e d  a s  a  f u n c t i o n  o f  k . p  band gap
f o r  two sam p les  o f  y=0 . 5 5  a l l o y  and one sam ple  o f  y=1 a l l o y ,  i n  f i g u r e s  6 . 7
$and 6 . 8  r e s p e c t i v e l y .  The dm /dE Q v a l u e s  were c a l c u l a t e d  from t h i s  d a t a  by 
f i n d i n g  th e  b e s t  f i t  s t r a i g h t  l i n e  and a r e  g iv e n  by ,
dm*/dEQ = 0 .0 8 4 + 0 .0 0 5  m eV" 1 f o r  y= 0 .55  a l l o y
and
dm*/dEQ = 0 .0 7 4 + 0 .0 0 5  m eV“ 1 f o r  y = 1 .0  a l l o y .
These v a l u e s  o f  dm /dE Q a r e  much h i g h e r  t h a n  t h o s e  m easu red  f o r  compound
s e m ic o n d u c to r s ,  InP , GaAs and InS b . The c h a in e d  l i n e s  i n  f i g u r e s  6 .7  and
$
6 . 8  show t h e  v a r i a t i o n  o f  m w i th  EQ c a l c u l a t e d  from th e  t h r e e  band model 
w i th o u t  t a k i n g  i n t o  a c c o u n t  r e d u c t i o n  i n  Ep due t o  a l l o y  d i s o r d e r .  Note 
t h a t  i f  t h e  r e d u c t i o n  i n  Ep were t o  be c o n s i d e r e d ,  i t  would r e d u c e  t h e  
s lo p e  s l i g h t l y .  The v a r i a t i o n  a c c o r d in g  to  th e  r a u l t ib a n d  f o r m u l a t i o n  o f  
H&W t a k i n g  i n t o  a c c o u n t  t h e  r e d u c t i o n  i n  m a t r ix  e le m e n ts  i s  shown by t h e
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Figure 5.7  Effective mass ratio as a function of the
k-p Energy gap in Gao-25 InO-75AsO-55P0-45
symbols, experimental results (o«- 'InP mode* and aa-  'GalnAs mode');
 , from best f i t  to the experimental results (see tex t);
----------, from multiband formulation
(E =21.8 eV, E^=2.5 eV, 0 - 2 ) ;  and
---------- , from the three band k.p theory
(E =17.9 eV, E^=0, C=0).
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Figure 6-8  Effective mass ratio as a function of the 
k-p Energy gap in GaQ 4? In. As
q  r from e x p e r i m e n t a l  r e s u l t s ;
  , from  b e s t  f i t  t o  t h e  e x p e r i m e n t a l  r e s u l t s  ( s e e  t e x t ) ;
  r from  m u l t ib a n d  f o r m u l a t i o n
(Ep= 2 3 .6  eV, E^=2 .9  eV, 0 - 2 ) ;  an d
-------------  , from  t h r e e  band  k . p  t h e o r y
(Ep=21.0 eV, E^=0, C=0).
broken  l i n e s .  C l e a r l y  t h e r e  i s  a  l a r g e  d i s c r e p a n c y  be tw een  th e  m easu red  
and th e  c a l c u l a t e d  v a r i a t i o n s .  Two e x tre m e  c a s e s  can  be c o n s i d e r e d .
( i )  The dE p/dp  v a lu e s  c a l c u l a t e d  f o r  t h e  q u a t e r n a r y  a l l o y  from  th e  
C ardona-L aw aetz  a p p ro a c h  ( c h a p t e r  5 )  a r e  t y p i c a l l y  0 .0 5 $  p e r  k b a r  and hence  
a r e  s m a l l .  Thus, i f  i t  i s  assumed t h a t  Ep and Ep a r e  i n d e p e n d e n t  o f
p r e s s u r e  and hence  EQJ th e n  t h e i r  v a l u e s  m ust be Ep = 2 5 .8 + 1 .5  eV and
Ep = 2 5 .5 ± 3 .0  eV f o r  y= 0 .55  a l l o y  and Ep= 2 9 .8+ 2 .0  eV and Ep= 3 7 .3 ± 7 .0  eV f o r
y=1 a l l o y  (C=0 i s  a s su m e d ) .  So, t h e  i n t e r a c t i o n  o f  t h e  f jc c o n d u c t io n
band w i th  t h e  r 5C bands  i s  s i m i l a r  t o  th e  i n t e r a c t i o n  w i th  t h e  f"^y
v a le n c e  ban d .
$( i i )  I f  i t  i s  assumed t h a t  m depends  a lm o s t  e n t i r e l y  on Eq a s  i n  GaAs
and InP , b u t  t h a t  Ep i t s e l f  i s  p r e s s u r e  d e p e n d e n t ,  th e n  we o b t a i n
dEp /dE Q = - 9 . ^ + 1 . ^  i n  y= 0 .55  a l l o y
and *
dEp /d P  = - 1 2 .7 + 2 .0  i n  y = 1 .0  a l l o y .
£
F ig u re  6 .9  shows t h e  v a r i a t i o n  o f  dm /d E Q a s  a  f u n c t i o n  o f  c o m p o s i t i o n .
The f u l l  c u rv e  i s  t h e  v a r i a t i o n  o f  t h e  a l l o y  d i s o r d e r  p a r a m e t e r ,
$
x ( 1 - x ) + y ( 1 - y ) . A lso  shown i n  f i g u r e  6 .9  a r e  t h e  dm /dE Q v a l u e s  f o r  GaAs
$
and In S b .  Thus, i t  i s  c l e a r  t h a t  t h e  dm /dE Q f o r  t h e  a l l o y s  i s  v e r y  
d i f f e r e n t  from  t h a t  f o r  t h e  compound s e m ic o n d u c to r s  and a p p e a r s  t o  f o l l o w  
th e  v a r i a t i o n  o f  a l l o y  d i s o r d e r .  ’
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Figure 6*9 dmVdE0 as a function of alloy composition in 
^ a x ^ n l - x ^ s y ^ i - y .
The f u l l  c u rv e  i s  t h e  a l l o y  d i s o r d e r .
The v a l u e s  o f  dm /d E Q f o r  GaAs ( O )  t In P  ( ■ )  an d  InS b  ( O )  a r e  a l s o  shown.
Alloy 
disorder
6.4.3 Global trends in band gap dependence of effective mass
In  s e a r c h in g  f o r  an  e x p l a n a t i o n  f o r  t h e  a n a m o lo u s ly  l a r g e  v a lu e s  o f
dm /d E Q f o r  t h e  q u a t e r n a r y  a l l o y ,  i t  i s  i n t e r e s t i n g  to  c o n s i d e r  f i g u r e
6 .1 0 .  In t h i s  f i g u r e  m i s  p l o t t e d  a g a i n s t  Eq f o r  InS b , InAs, GaSb, InP
and GaAs a n d ,  where m easured  by a p p ly in g  h y d r o s t a t i c  p r e s s u r e , t h e  v a r i a t i o n  
$
o f  ra w i th  Eq i s  shown a s  a  s o l i d  l i n e .  A lso  shown by t h e  d o t t e d  c u rv e s  i s  
t h e  v a r i a t i o n  o f  m w i th  Eq b ro u g h t  a b o u t  by c h a n g es  i n  a l l o y  c o m p o s i t io n
i n  InAs -j_x Px [ 3 1 ] ,  Gax i n i _x As [ 1 3 8 ,1 3 9 ]  and Gax In  _y [ 7 5 , 8 4 ] .  A
c l e a r  t r e n d  i s  o b s e r v e d ,  i . e .  a t  a  g iv e n  band gap a s  In  r e p l a c e s  Ga t h e  
e f f e c t i v e  mass i n c r e a s e s .  S in c e  t h e  wave f u n c t i o n s  a t  t h e  c o n d u c t io n  band 
minimum a r e  a s s o c i a t e d  w i th  group  I I I  a tom s i t  can  be  u n d e r s to o d  t h a t  m i s  
l e s s  d e p e n d e n t  on t h e  group V a to m s .  C o n s id e r in g  now t h e  s o l i d  l i n e s  i n  
f i g u r e  6 .1 0  w hich  show th e  v a r i a t i o n  o f  m w i th  Eq b r o u g h t  a b o u t  by 
a p p ly i n g  p r e s s u r e  to  th e  q u a t e r n a r y  sa m p le s  a t  y= 0 .55  and y = 1 .0  , we s e e  
t h e  t r e n d  i s  from  th e  lo w er  ( G a - l i k e )  t o  th e  u p p e r  ( I n - l i k e )  p a r t  o f  t h e  
c u r v e .  R e v e rs in g  th e  a rgum ent u sed  ab o v e ,  we may t e n t a t i v e l y  s u g g e s t  t h a t  
t h e  i n f l u e n c e  o f  h y d r o s t a t i c  p r e s s u r e  i s  t o  change  t h e  d i s t r i b u t i o n  o f  
c o n d u c t io n  band e l e c t r o n s  from th e  Ga to w a rd s  t h e  In  a to m s .  T a b le  6 . 3  
l i s t s  t h e  c o m p r e s s i b i l i t y  o f  I I I - V  compounds ( [ 2 3 ]  & t a b l e  3»5) c o n t a i n i n g  
Ga and In  and i t  can  be co n c lu d e d  t h a t  t h e  In  bond i s  more c o m p r e s s i b l e  
th a n  t h e  Ga bond. Under p r e s s u r e  t h e n ,  t h e  d i f f e r e n c e  be tw een  t h e  Ga and 
In  bonds d e c r e a s e s  and t h i s  may r e s u l t  i n  t h e  s h i f t  p o s t u l a t e d  a b o v e .
T a b le  6 .3  Com parison betw een c o m p r e s s i b i l i t i e s  ( i n  10“ ^ b a r - 1 )  
o f  Ga and In  based  I I I - V  s e m ic o n d u c to r s
GaAs 1.31 InAs 1 .70
GaP 1.16 InP  1.35
GaSb 1 .77  InSb  2 .2 0
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Figure 6*10 Variation of the electron effective mass with the direct  
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CHAPTER 7
Pressure dependence of hole mobility
7.1 Introduction
The v a le n c e  band s t r u c t u r e  h a s  been  s t u d i e d  e x p e r i m e n a t l l y  much l e s s  
th a n  t h a t  o f  t h e  c o n d u c t io n  b a n d .  T h e o r e t i c a l  c a l c u l a t i o n s  o f  t h e  v a l e n c e  
band p a r a m e te r s  i s  d i f f i c u l t  and t h e r e  e x i s t s  c o n s i d e r a b l e  d i s c r e p a n c y  
be tw een  t h e o r y  and e x p e r im e n t .  In  t h i s  c h a p t e r  m easu rem en ts  o f  t h e  
p r e s s u r e  dependence  o f  t h e  h o l e  m o b i l i t y  i n  GaAs, InP and  (G a In ) (A sP )  
a l l o y s  a r e  p r e s e n t e d .  The r e s u l t s  a r e  u sed  to  e v a l u a t e  t h e  p r e s s u r e  
c o e f f i c i e n t  o f  t h e  h e a v y  h o l e  e f f e c t i v e  m ass .
7 .2  E x p e r im e n ta l  r e s u l t s
The h o l e  m o b i l i t y  m easu rem en ts  were made up t o  8 k b a r s  i n  a 
p i s t o n - a n d - c y l i n d e r  a p p a r a t u s .  The a r ra n g e m e n t  s u i t a b l e  f o r  t h i s  
m easurem ent was d e s c r i b e d  i n  c h a p t e r  4 . The sa m p le s  c h o se n  f o r  t h e  
m easurem ents  were l i g h t l y  doped so t h a t  i m p u r i t y  s c a t t e r i n g  was o f  much 
l e s s  im p o r ta n c e  t h a n  l a t t i c e  s c a t t e r i n g .  T h is  s i m p l i f i e s  t h e  a n a l y s i s  
c o n s i d e r a b l y .  Three sam p les  o f  GaAs and two sam p les  o f  In P  w ere  s t u d i e d  
and th e  r e s u l t s  a r e  l i s t e d  i n  t a b l e s  7 .1  and  7 . 2  r e s p e c t i v e l y .
T a b le  7 .  1 Sample c h a r a c t e r i s t i c s  and th e  p r e s s u r e  d ep en d en ce  o f  p 
i n  GaAs.
T=290 K
sam ple
( cm2 /V - s )
Po
( 1 0 ^ c m “ 3)
H(8) -  n(0) 
F(o)
4LE457 380 1 .8 2 .6
4LE470 357 7 .0 2 .3
4LE472 224 8 .4 2. 6
Sample c h a r a c t e r i s t i c s and t h e  m easu red  p r e s s u r e
o f  p i n  InP
T=2 90 K
sam ple
( cm2 / V - s )
Po
( 1 0 ^ c m ” 3) H(8)-p(o)
H(o)
AGR088 125 2 .7 1 .5
AGR0158 114 1 .7 1 .3
x 100
x100
F o r  t h e  GaAs sam ples  s t u d i e d ,  pQ v a r i e d  from  1 . 8 x 1 0 ^  t o  8 . 4 x 1 0 ^  cm“ ^ b u t  
w i t h i n  t h e  e x p e r im e n ta l  e r r o r ,  no s y s t a m a t i c  change  i n  t h e  p r e s s u r e  
dependence  o f  m o b i l i t y  t o  8 k b a r s  [ { p .  ( 8 ) -  p ( 0 ) } / p ( 0 ) ] ,  was n o t i c e d .  The 
same o b s e r v a t io n  can  be made a b o u t  In P .  The q u a t e r n a r y  a l l o y  sa m p le s  w hich  
were used  i n  t h e  m easu rem en ts  had  c a r r i e r  c o n c e n t r a t i o n s  i n  t h e  r a n g e  
5 x 1 0 ^  {-0 cin“ 3. The m easured  p r e s s u r e  d ep en d en ce  o f  t h e  h o l e
m o b i l i t y  f o r  GaAs, InP  and f o r  one a l l o y  c o m p o s i t i o n ,  y = 0 .6 5 ,  i s  shown i n  
f i g u r e  7 . 1 .  I t  i s  i n t e r e s t i n g  to  n o t e  t h a t  t h e  p r e s s u r e  c o e f f i c i e n t  o f  t h e
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Figure 7-1 Normalised variation of  the hole mobility with pressure  
for GaAs, InP and GQ31 In.6 9 ^ s .65^.35
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Figure 7-2 Percentage change in hole mobility to 8 kbar
in G axIn ^ A syP ^ y  as  a function o f  composition (y)
h o l e  m o b i l i t y  i n  t h e  compound s e m ic o n d u c to r s ,  GaAs and In P ,  i s  p o s i t i v e  
w h i le  d j * /d P  i s  n e g a t i v e  i n  t h e  a l l o y s .  F ig u re  7 . 2  shows t h e  m easured  
change  i n  t h e  t o t a l  m o b i l i t y  t o  8 k b a r s ,  [ p ( 8 ) -  |i  ( 0 ) ]  /  |4. ( 0 ) ,  a s  a 
f u n c t i o n  o f  a l l o y  c o m p o s i t io n .  The e x p e r i m e n t a l  d a t a  f o r  GaAs i s  a l s o  
shown.
7 .3  P r e s s u r e  dependence  o f  t h e  t r a n s p o r t  p a r a m e te r s
The p r e s s u r e  dependence  o f  v a r i o u s  te rm s  a p p e a r in g  i n  t h e  e q u a t i o n s
f o r  t h e  h o l e  s c a t t e r i n g  m echanism s a r e  c a l c u l a t e d  h e r e ,  so  t h a t  c o m p ar iso n
w i th  e x p e r im e n ta l  r e s u l t s  can  be made t o  e v a l u a t e  t h e  p r e s s u r e  c o e f f i c i e n t
o f  t h e  h eav y  h o l e  e f f e c t i v e  m ass .  In  r e l a t i v e l y  p u re  p o l a r  s e m ic o n d u c to r s ,
t h e  h o l e  m o b i l i t y  i s  do m in a ted  by p o l a r  o p t i c a l  phonon s c a t t e r i n g ,  | l p 0 ,
and n o n p o la r  o p t i c a l  phonon and a c o u s t i c  phonon s c a t t e r i n g ,  u . Thei aC jnpo
e x p r e s s i o n s  f o r  t h e s e  s c a t t e r i n g  m echanism s a r e  d i s c u s s e d  by W iley  [ 6 1 ]  and 
a r e  l i s t e d  i n  appen d ix -3 *  The p r e s s u r e  d e pendence  o f  t h e s e  e x p r e s s i o n s  a r e  
g iv e n  by t h e  f o l l o w in g  e q u a t i o n s .
d ( l n  t v ( z - 1 ) e x p ( z )  +1 d(lnCOx )
dP e x p ( z ) - 1 dP
3 d ( l n  mc h ) d ( l n  Rh )
2 dP dP
d ( l n  u  ) r a c , n p o ' = K +
d ( l n  u) d ( I n  S)
dP dP dP
5 d ( l n  mo h ) d ( l n  Rh )
2 dP dP
dP
( 7 .1 )
d ( l n  Ea n )ac-
dP
( 7 . 2 )
w here mc h J u ,K ,E a c , eq , em and ^  have  t h e  same m eaning  a s  i n  c h a p t e r  3 .  
The p a ra m e te r  z=hcO j/kgT , w here  kg i s  t h e  Boltzm an c o n s t a n t .  S i s  g iv e n  
a p p r o x im a te ly  by [ 6 1 ] ,
-1
S = (1+A n ) ( 7 .3 )
where
2
1.34  z
A and ( 7 . 4 )
e x p ( z ) - 0 . 914
S in c e  t h e  l i g h t  and heavy  h o l e  b a n d s  a r e  d e g e n e r a t e  a t  t h e  f" p o i n t ,  
b o th  t h e  ban d s  need  to  be c o n s id e r e d  f o r  t h e  d e s c r i p t i o n  o f  t h e  h o l e  
m o b i l i t y .  The e x p r e s s io n  f o r  Rh w hich  acknow ledges  t h e  p r e s e n c e  o f  two 
bands  and a l s o  i n t e r b a n d  s c a t t e r i n g  i s  g iv e n  by [ 6 1 ,1 4 0 ] ,
where r=mc j1/ mc i  and rac i  and mc h a r e  t h e  l i g h t  h o l e  and h e a v y  h o l e  
c o n d u c t i v i t y  e f f e c t i v e  m asses  d e f i n e d  by e q u a t i o n  ( 2 . 1 9 ) .  The p r e s s u r e  
dependence  o f  R^ i s  g iv e n  by ,
d ( I n  Rh ) 5 r 1/2 3 r 3/2 d ( l n  r )
2 2 ( 1 + r /2) ( 1 + r 3/2) dP
( 7 .6 )
dP
where
d ( l n  r )  d ( I n  mc h ) d ( l n  mc l )
dP dP dP
I n  o r d e r  t o  d e te rm in e  t h e  p r e s s u r e  d e p e n d en c e  o f  mc l , two m o d e ls  were 
c o n s i d e r e d .
( i )  L a w a e tz ’ s  m u l t ib a n d  m odel:  ( c h a p t e r  2 )  Fo r  t h e  c a l c u l a t i o n s  u s in g
f
t h i s  m ode l ,  e x p e r im e n ta l  v a lu e s  o f  EQ and EQ ( c h a p t e r  3) were u s e d .  The 
p r e s s u r e  c o e f f i c i e n t s  o f  a l l  t h e  band g aps  and the. a tm o s p h e r i c  p r e s s u r e  
v a l u e s  o f  t h e  m a t r ix  e le m e n ts  and t h e i r  p r e s s u r e  c o e f f i c i e n t s  were 
c a l c u l a t e d  from  L a w a e tz 's  model ( c h a p t e r  5 ) .  The v a l u e s  o f  t h e  p r e s s u r e  
c o e f f i c i e n t  o f  mc l j  t h u s  deduced  a r e  a s  f o l l o w s :
d ( l n  mc l ) 6 .0 7 x 1 0 “ ^ p e r  k b a r  i n  GaAs
dP 5 .4 0 x 10"3 p e r  k b a r  i n  InP
( i i )  T h re e  band k .p  m odel:  A cco rd in g  to  t h i s  model ( e q u a t i o n  2 . 5 )  th e
p r e s s u r e  c o e f f i c i e n t  o f  mQl i s  g iv e n  by,
d ( l n  mo l ) 2Epmc l
dP 3 Ec
d ( I n  EQ) d ( l n  Ep ) 
dP dP
( 7 .8 )
From th e  above  e x p r e s s io n  and u s in g  th e  e x p e r i m e n t a l l y  d e te r m in e d  v a lu e s  o f  
dEQ/d P ,  EQ, Ep and th e  c a l c u l t e d  v a lu e s  o f  dEp /d P  ( c h a p t e r  5 ) ,  t h e  p r e s s u r e  
dependence  o f  mc l  i s  c a l c u l t e d  to  b e ,
d ( l n  mc l ) 8 .1 3 x 1 0 ” ^ p e r  k b a r  i n  GaAs
dP 6 .6 7 x 1 0 “ ^ p e r  k b a r  i n  InP
V a r io u s  te rm s  i n  e q u a t i o n s  ( 7 .  1) and ( 7 . 2 ) ,  e x c e p t  dm ^ /d P ,  c a n  be 
c a l c u l a t e d  from th e  p r e s s u r e  d e pendence  o f  t h e  p a r a m e t e r s ,  u ,  K, Eac> En p0 , 
c . £ and w  d i s c u s s e d  i n  c h a p t e r  3 .  The c a l c u l a t e d  v a lu e s  o f  t h e s eU ’ CO JL
te r m s  a r e  l i s t e d  i n  t a b l e  7 . 3  f o r  GaAs and In P .  I t  i s  i n t e r e s t i n g  to  n o t e  
t h a t  t h e s e  te rm s  when s u b s t i t u t e d  i n  e q u a t i o n s  ( 7 . 1 )  and ( 7 . 2 ) ,  show t h a t  
t h e  e f f e c t  o f  p r e s s u r e  dependence  o f  t h e  phonon f r e q u e n c y ,  a v e r a g e  sound 
v e l o c i t y ,  d i e l e c t r i c  c o n s t a n t s  and t h e  d e n s i t y  i s  t o  i n c r e a s e  t h e  t o t a l
m o b i l i t y  w i th  p r e s s u r e ,  w h i l e  t h e  p r e s s u r e  c o e f f i c i e n t  o f  t h e  a c o u s t i c  
d e f o r m a t io n  p o t e n t i a l  t e n d s  t o  d e c r e a s e  t h e  t o t a l  m o b i l i t y  w i th  p r e s s u r e .
T a b le  7 . 3  P r e s s u r e  c o e f f i c i e n t s  ( i n  ICF-^kbar” ^ ) o f  t h e  t r a n s p o r t
p a r a m e te r s  i n  GaAs and InP .
GaAs InP
d l n ( 1 / £ ra- 1 / £ 0 )
dP
-  0 .4 2 -  1 .5 4
d I n  if 
dP
+ o -«q + 0 .  66
d I n  S 
dP
+ 1 .9 0 + 0 .  91
d I n  Ea c
dP
+ 0 .5 6 + 1 .0 0
d I n  n 
dP
-  1 .6 7 -  2 .8 0
d I n  C01 
dP
+ 1 .49 + 1 .5 2
I n  a l l o y  s e m ic o n d u c to r s ,  a l l o y  s c a t t e r i n g  [1 4 1 ]  has  t o  be  t a k e n  i n t o  
a c c o u n t  and th e  p r e s s u r e  d e pendence  o f  t h e  r e l a t e d  m o b i l i t y  ( a p p e n d ix  3 )  
can be e x p r e s s e d  a s ,
d ( l n  5 d ( l n  mnh) d ( l n  Aun) d ( l n  Rh )
-----------— = K -  -  -----------—  _ 2  E- +  -  ( 7 . 9 )
dP 2 dP dP dP
w here A Up i s  t h e  a l l o y  s c a t t e r i n g  p o t e n t i a l  f o r  h o l e s .  From e q u a t i o n  7 . 9 ,  
t h e  i n c r e a s e  i n  d e n s i t y  o f  t h e  sam p le  w i th  p r e s s u r e  h a s  t h e  e f f e c t  o f  
i n c r e a s i n g  th e  a l l o y  s c a t t e r i n g  m o b i l i t y  w i th  p r e s s u r e .  The c o m p o s i t i o n a l
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Figure 7-3 Pressure dependence of tight hole effective  
in GaxIn^xAsyP^y as  a function o f  composition (y).
C a l c u l a t e d  from t h e  t h r e e  band  k . p  m odel 
(E c o r r e c t e d  f o r  a l l o y  d i s o r d e r )
ir
C a l c u l a t e d  from  t h e  L a w a e tz ' s  t h e o r y  
( m u l t ib a n d  model)
mass
dependence  o f  t h e  p r e s s u r e  c o e f f i c i e n t  o f  m , f o r  Ga I n i  As Picx x i  —x y i - y *
c a l c u l a t e d  from th e  two m o d e ls ,  L a w a e tz ’ s  m u l t ib a n d  model and th e  t h r e e  
band k .p  model a r e  shown i n  f i g u r e  7 . 3 .  F o r  t h e  c a l c u l a t i o n s  from 
L a w a e tz ’ s  m odel,  t h e  p a r a m e te r s  o f  t h e  d i e l e c t r i c  t h e o r y  w ere  assum ed to  
v a r y  l i n e a r l y  w i th  a l l o y  c o m p o s i t io n  and  th e  r e s t  o f  t h e  c a l c u l a t i o n s  were 
s i m i l a r  t o  t h e  one p r e v i o u s l y  d e s c r i b e d  f o r  InP  and GaAs. The p ro c e d u r e  
a d o p te d  f o r  t h e  c a l c u a l t i o n s  from  th e  t h r e e  band model were a l s o  t h e  same 
a s  t h o s e  fo l lo w e d  f o r  t h e  compound s e m ic o n d u c to r s  e x c e p t  t h a t  t h e  
i n t e r a c t i o n  e n e rg y ,  was re d u c e d  by t h e  f r a c t i o n  o f  m ix in g  ( e q u a t i o n  6 . 4 )  
t o  t a k e  i n t o  a c c o u n t  t h e  a l l o y  d i s o r d e r  e f f e c t s .
7 .4  D i s c u s s io n
U sing  e q u a t io n s  ( 7 . 1 )  t o  ( 7 . 7 )  and f i t t i n g  to  t h e  m easu red  p r e s s u r e  
dependence  o f  th e  h o l e  m o b i l i t y ,  t h e  p r e s s u r e  c o e f f i c i e n t  o f  t h e  h e a v y  h o l e  
e f f e c t i v e  mass was c a l c u l a t e d .  The a tm o s p h e r ic  p r e s s u r e  v a l u e s  o f  t h e  
m o b i l i t y  due t o  v a r i o u s  s c a t t e r i n g  m echanism s were c a l c u l a t e d  u s in g  th e  
c o n d u c t i v i t y  e f f e c t i v e  m a s s e s ,  r a ^  and m ^  d i s c u s s e d  i n  c h a p t e r  2 ( t a b l e  
3 . 3 ) .  These m o b i l i t i e s  were t h e n  combined u s in g  M a t t h i e s s e n ’ s  r u l e  t o  
o b t a i n  t h e  t o t a l  m o b i l i t y .  The H a l l  f a c t o r  was assumed to  be  i n d e p e n d e n t  
o f  p r e s s u r e .  The p r e s s u r e  c o e f f i c i e n t  o f  t h e  heavy  h o l e  e f f e c t i v e  mass 
t h u s  c a l c u l a t e d  f o r  GaAs and InP  i s  l i s t e d  i n  t a b l e  7 . 4 .
T h e o r e t i c a l  c a l c u l a t i o n s  o f  t h e  p r e s s u r e  c o e f f i c i e n t  o f  t h e  h e a v y  h o l e  
e f f e c t i v e  mass were made from th e  L a w a e tz ’ s  m u l t ib a n d  model f o r  t h e  v a l e n c e  
band p a r a m e t e r s .  The band p a r a m e te r s  f o r  t h i s  c a l c u l a t i o n  were o b t a i n e d  in  
a  s i m i l a r  way a s  d e s c r i b e d  e a r l i e r  f o r  t h e  c a l c u l a t i o n  o f  d r n ^ / d p .  As can  
be s e e n  from th e  t a b l e  7 . 4 ,  t h e  a g re e m e n t  w i th  t h e  e x p e r i m e n t a l  r e s u l t s  i s  
good f o r  InP . However, i n  GaAs t h e  m easu red  v a lu e  i s  much s m a l l e r  and  i s  
o f  o p p o s i t e  s ig n  to  t h a t  p r e d i c t e d  by t h e  above  c a l c u l a t i o n .
T a b le  7 .  4 E x p e r im e n ta l  and t h e o r e t i c a l  v a lu e s  o f  (1 /mc h ) ( d m ^ / d P )  > 
i n  k b a r - 1 ,  f o r  InP  and  GaAs.
p r e s e n t  e x p t l . L a w a e tz ’ s P s e u d o p o t e n t i a l
r e s u l t s t h e o r y c a l c u l a t i o n s
GaAs ( - 1 .5 ± 2 .0 ) x 1 0 “ 4 +7. 5x10“ 4 -5 x 1 0~4
In P (+ 6 .0 ± 3 .0 ) x 1 0 " lj +5 .1x10 " 4 -
Neumann e t  a l  [1 4 2 ]  have  deduced  th e  p r e s s u r e  d ep e n d en c e  o f  v a l e n c e  
band p a r a m e t e r s ,  A, and C^, f o r  GaAs from  t h e  p s e u d o p o t e n t i a l
c a l c u l a t i o n s  and u s in g  t h e s e  v a l u e s  A le k se e v a  e t  a l  [ 1 4 3 ]  h av e  c a l c u l a t e d  
( 1 / mCh)(dm c h /d P )  t 0  be - 5 .0 x 1 0 ” 4 p e r  k b a r .  T h is  t h e o r e t i c a l  v a lu e  h a s  t h e  
same s ig n  and i s  somewhat c l o s e r  t o  t h e  e x p e r i m e n t a l  v a lu e  com pared to  t h e  
v a lu e  c a l c u l a t e d  from L a w ae tz ’ s  m odel .  A le k se e v a  e t  a l  [ 1 4 3 ]  have  a l s o  
deduced  an e x p e r im e n ta l  v a lu e  f o r  dm ^ /d P  from  t h e  s tu d y  o f  t u n n e l  d io d e  
c h a r a c t e r i s t i c s  w i th  p r e s s u r e .  They o b t a i n  ( 1 /mc h )(dmc h /d P )=  - ( 8 0  t o  
100)x10” 4 p e r  k b a r .  The m ag n i tu d e  o f  t h i s  v a lu e  i s  much h i g h e r  t h a n  t h a t  
deduced  from  th e  p r e s e n t  e x p e r im e n t s .
In  d e te r m in in g  th e  p r e s s u r e  c o e f f i c i e n t  o f  f o r  Gax In - |_x ASyP-j _y ,
from  th e  m easured  v a lu e s  o f  d n  /d P ,  t h e  a l l o y  s c a t t e r i n g  p o t e n t i a l  was 
assumed to  be in d e p e n d e n t  o f  p r e s s u r e .  The a b s o l u t e  v a lu e  o f  t h e  a l l o y  
s c a t t e r i n g  m o b i l i t y  was c a l c u l a t e d  from th e  AUp v a l u e s  d e te r m in e d  by Hayes 
e t  a l  [ 9 7 ] .  Hayes e t  a l  deduced  AUp f r 0 m th e  s tu d y  o f  t h e  t e m p e r a t u r e  
dependence  o f  th e  m o b i l i t y .  Using th e  c a l c u l a t e d  p r e s s u r e  c o e f f i c i e n t s  o f  
t h e  v a r i o u s  t r a n s p o r t  p a r a m e te r s  ( s e e  c h a p t e r  3 )  a p p e r in g  i n  e q u a t i o n s
( 7 . 1 )  t o  ( 7 . 9 ) ,  t h e  p r e s s u r e  c o e f f i c i e n t  o f  mch  was d e d u c e d .  F ig u r e  7 . 4  
shows t h e  v a r i a t i o n  o f  d ( l n  m o h ) / d P  a s  a  f u n c t i o n  o f  a l l o y  c o m p o s i t i o n .  
The d a t a  f o r  GaAs i s  a l s o  shown f o r  c o m p a r is o n .  The e x p e r i m e n t a l  v a lu e s  o f  
t h e  p r e s s u r e  c o e f f i c i e n t  o f  m ^  i n  t h e  a l l o y s  a r e  p o s i t i v e  and i n c r e a s e s  
w i th  i n c r e a s i n g  p r e s s u r e  f o r  0<y<0 .82 , i n  c o n t r a s t  t o  t h e  n e g a t i v e  p r e s s u r e  
c o e f f i c i e n t  f o r  m ^  i n  GaAs. The d a sh e d  l i n e  i n  f i g u r e  7 . 4  shows t h e  
v a r i a t i o n  a c c o r d in g  to  L a w a e tz ’ s  t h e o r y .  The c a l c u l a t i o n s  w ere  s i m i l a r  to  
t h a t  d e s c r i b e d  f o r  d m ^ / d P  a nd t h e  a l l o y  d i s o r d e r  e f f e c t s  c o u ld  n o t  be 
i n c l u d e d ,  s i n c e  no t h e o r e t i c a l  f o r m u l a t i o n  i s  a v a i l a b l e  f o r  su c h  a 
c a l c u l a t i o n .  From f i g u r e  7 . 4 ,  i t  i s  c l e a r  t h a t  t h e  e x p e r i m e n t a l  v a l u e s  a r e  
much l a r g e r  t h a n  t h e  p r e d i c t e d  v a l u e s .  I t  i s  i n t e r e s t i n g  to  n o t e  t h a t  a 
s i m i l a r  o b s e r v a t i o n  was made i n  t h e  p r e v io u s  c h a p t e r  a b o u t  t h e  p r e s s u r e
dependence  o f  t h e  e l e c t r o n  e f f e c t i v e  mass i n  Ga in  1 As P-i . Thus i tx I —x y i -y
a p p e a r s  t h a t  t h e  p r e s s u r e  d e pendence  o f  mQh may a l s o  be a f f e c t e d  by  t h e  
a l l o y  d i s o r d e r .
The m ain  s o u r c e s  o f  e r r o r  i n  c a l c u l a t i n g  th e  p r e s s u r e  c o e f f i c i e n t  o f  
comes from  th e  u n c e r t a i n t y  i n  t h e  v a l u e s  o f  t h e  p r e s s u r e  c o e f f i c i e n t  o f  
£0 and Eqj , and th e  e r r o r  i n  m e a s u r in g  d ^ / d P .  In  In P ,  t h e  e r r o r  i n  t h e  
r e p o r t e d  v a lu e  o f  dE ^/dP  i s  a b o u t  50$ [2 3 ]  and t h i s  h a s  l e a d  to  a  l a r g e  
e r r o r  i n  t h e  e s t i m a t i o n  o f  dmc h /d P .  In  t h e  a l l o y s ,  i n t e r p o l a t e d  v a l u e s  o f  
dE ^ /dP  w ere  used  and th e  e r r o r  i n  dE ^ /dP  a r e  o f  t h e  same o r d e r  a s  i n  In P .  
However, s i n c e  t h e  a l l o y  s c a t t e r i n g  i s  t h e  dom inan t s c a t t e r i n g  m echanism  i n  
t h e  a l l o y s ,  t h e  e f f e c t  o f  t h e  e r r o r  i n  dE ^ /dP , i n  d e t e r m i n i n g  dmc h /d P  i s  
s m a l l .  B ecause  t h e  c o n t r i b u t i o n  t o  t h e  h o l e  m o b i l i t y  from  t h e  l i g h t  h o l e  
band i s  s m a l l  ( ^ 1 0 $  t o  1 5 $ ) ,  t h e  v a l u e s  f o r  dmoh/d P  c a l c u l a t e d  by  u s in g  
e i t h e r  t h e  t h r e e  band model o r  t h e  m u l t ib a n d  model v a lu e  o f  dm ^ /d P ,  were 
n o t  s i g n i f i c a n t l y  d i f f e r e n t .
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Figure 7-4 Pressure dependence of heavy hole effect ive  mass  
in GaAs and G a ^ n ^ *  AsyP^y as  a function o f  composition
The a tm o s p h e r ic  p r e s s u r e  v a lu e s  o f  t h e  h o l e  e f f e c t i v e  m asses  
c a l c u l a t e d  from th e  L a w a e tz ’ s  t h e o r y  a r e  a l s o  i n  d i s a g r e e m e n t  w i th  t h e  
e x p e r im e n ta l  r e s u l t s .  R e c e n t ly ,  S t r a d l i n g  [8 6 ]  has  n o t e d  t h a t  t h e  
p a ra m e te r  G i n  L a w a e tz ’ s  t h e o r y  can  be r e - e s t i m a t e d  to  g i v e  a  b e t t e r  
ag re e m e n t  w i th  t h e  e x p e r im e n ta l  r e s u l t s .  In  t a b l e  7 . 5 ,  t h e  m easu red  and 
th e  c a l c u l a t e d  v a lu e s  o f  t h e  h o l e  e f f e c t i v e  m asses  a r e  l i s t e d  f o r  GaAs and 
InP . Note t h a t  t h e  e x p e r im e n ta l  b a r e  mass i . e . ,  t h e  m easu red  c y c l o t r o n  
mass c o r r e c t e d  f o r  p o l a r o n  enhancem ent a r e  l i s t e d  h e r e .  The t h e o r e t i c a l  
v a lu e s  were c a l c u l a t e d  f o r  two G v a l u e s .  G=-0.75 "Lb was u se d  i n  t h e  
o r i g i n a l  p a p e r  by Law aetz  and t h i s  g i v e s  a  l a r g e  d i s c r e p a n c y  be tw een  t h e  
m easu red  and c a l c u l a t e d  v a l u e s .  By v a r y i n g  G, i t  was found t h a t  a  b e t t e r  
ag re e m e n t  c o u ld  be o b t a in e d  f o r  mh ( i l l )  i n  GaAs when G = -1 .02  l ! b  . I t  i s  
i n t e r e s t i n g  t o  n o t e  t h a t  m-^  i s  r e l a t i v e l y  i n s e n s i t i v e  t o  t h e  v a lu e  o f  G and 
hence  t h e  d e s c r i p a n c y  be tw een  t h e  m easu red  and th e  c a l c u l a t e d  v a lu e s  o f  m-^  
r e m a in s  u n ch an g ed .  The h o l e  e f f e c t i v e  m asses  c a l c u l a t e d  f o r  InP  u s i n g  th e  
r e d e f i n e d  v a lu e  o f  G show a  somewhat b e t t e r  ag reem en t  w i th  t h e  e x p e r i m e n t a l  
r e s u l t s  f o r  m^(111) b u t  t h e  d e s c r i p a n c y  i s  s t i l l  l a r g e .
T ab le  7 . 5  E x p e r im e n ta l  [ 8 6 ]  and th e  c a l c u l a t e d  v a lu e s  o f  t h e  h o l e
e f f e c t i v e  m asses  i n  InP  and GaAs.
E x p e r im e n ta l From L a w a e tz 's  t h e o r y
b a re  mass
G = -0 .75 Z 6 G=-1.0 2  Z 5
m
m h/m nn^/m
m mh/m mh/m mh/m mh/mm a
( 1 0 0 ) ( 111 ) ( 1 0 0 ) ( 1 1 1 )m ( 100 ) ( 111 ) m
GaAs 0 .0 8 4  0 .4 5 2  0 .5 7 8  0 .0 7 4  0 .4 2  0 .6 6  0 .0 7 3  0 .4 1  0 .5 8
In P  0 .1 2  0 .5 3  0 .5 7  0 .0 8 2  0 .4 9  0 .7 8  0 .081  0 .4 8  0 .6 8
The v a lu e s  o f  m^ c a l c u l a t e d  from th e  t h r e e  band k . £  model 
( e q u a t io n  2 . 5 ) ,  u s in g  t h e  e x p e r i m e n t a l l y  d e te rm in e d  v a lu e s  o f  Ep 
( c h a p t e r  5 ) ,  w ere  0. 146m f o r  In P  and  0.10m f o r  GaAs. These v a l u e s  a r e  
somewhat l a r g e r  t h a n  t h e  e x p e r i m e n t a l  v a lu e s  and i n d i c a t e  t h a t  t h e r e  i s  a  
s m a l l  c o n t r i b u t i o n  from  th e  h i g h e r  b a n d s .  In  L a w a e tz f s  m o d e l ,  t h e  
i n f l u e n c e  o f  h i g h e r  bands  i s  p r o b a b ly  o v e r e s t im a t e d  w hich  l e a d s  t o  a 
s m a l l e r  v a lu e  f o r  m^. Note t h a t  t h e  same c o n c lu s i o n  was drawn i n  c h a p t e r  5 
f o r  t h e  e l e c t r o n  e f f e c t i v e  mass v a l u e s  c a l c u l a t e d  from th e  m u l t ib a n d  m odels  
o f  Lawaetz  and Hermann and W eisbuch .
CHAPTER 8
P r o p e r t i e s  o f  Mn-doped InP , GaAs and ( G a i n ) ( A s P ) / ln P
8 . 1 Introduction
The a d v a n ta g e s  o f  u s in g  Mn a s  a  p - ty p e  d o p a n t  were d i s c u s s e d  in  t h e  
i n t r o d u c t o r y  c h a p t e r .  The e l e c t r i c a l  p r o p e r t i e s  o f  Mn have  been  s t u d i e d  in  
InP  [1 4 4 ,1 4 5 ] ,  GaAs [1 4 6 ,1 4 7 ]  and In-j_xGax As [ 1 4 8 ,1 4 9 ,  150]. I t  i s  known 
from  t h e s e  m easurem ents  t h a t  Mn i s  a  r e l a t i v e l y  deep  a c c e p t o r  i n  t h e s e  
m a t e r i a l s .  R e c e n t ly ,  A sah i e t  a l  [151 ] r e p o r t e d  t h a t  i n j e c t i o n  l a s e r s  can  
be made from Mn-doped InG aA s/InP  m u l t i l a y e r  s t r u c t u r e s  grown by MBE. The 
a c t i v a t i o n  e n e rg y  o f  Mn i n  t h e  (G a in ) (A sP )  a l l o y  sy s te m  i s  an i m p o r a ta n t  
f a c t o r  i n  d e te r m in in g  th e  u s e f u l n e s s  o f  M n-doping i n  o p t o e l e c t r o n i c  and 
o t h e r  d e v ic e s  b a sed  on t h i s  m a t e r i a l .  In  t h e  p r e s e n t  w ork , Mn doped GaAs, 
InP  and  (G a in ) (A sP )  w e r e '  s t u d i e d  and t h e  t e m p e r a tu r e  and p r e s s u r e  
dependence  o f  t h e  f r e e  h o l e  c o n c e n t r a t i o n  i s  p r e s e n t e d  i n  t h i s  c h a p t e r .  
The t e m p e r a tu r e  dependence  o f  c a r r i e r  c o n c e n t r a t i o n  was u se d  to  e v a l u a t e  
t h e  a c t i v a t i o n  e n e rg y  o f  Mn. In  o r d e r  t o  t e s t  t h e  a p p l i c a b i l i t y  o f  t h e  
h y p o t h e s i s  t h a t  t h e  deep  l e v e l s  a s s o s i a t e d  w i th  t r a n s i t i o n  m e ta l  i m p u r i t i e s  
a r e  t i e d  t o  th e  vacuum l e v e l  ( c h a p t e r  2 )  and a r e  in d e p e n d e n t  o f  t h e  h o s t  
m a t e r i a l ,  t h e  p r e s s u r e  dependence  o f  t h e  a c t i v a t i o n  e n e rg y  was s t u d i e d  and 
t h e s e  r e s u l t s  a r e  a l s o  d i s c u s s e d .
8 .2  T em p era tu re  dependence  o f  c a r r i e r  c o n c e n t r a t i o n
In  a com pensa ted  p - ty p e  s e m ic o n d u c to r ,  t h e  t e m p e r a tu r e  d e p e n d en c e  o f  
h o l e  c o n c e n t r a t i o n ,  pQ> c a n be d e s c r i b e d  by [ 1 5 2 ] ,
P o ^ P o ^ d ^  _ Nv 
Na ' Nd-Po  S
exp(-EA/kBT) (8. 1)
where i s th e  t h e r m a l  a c t i v a t i o n  e n e rg y  o f  t h e  a c c e p t o r  l e v e l  and Na and 
a re  t h e  t o t a l  a c c e p t o r  and t o t a l  don o r  c o n c e n t r a t i o n s  r e s p e c t i v e l y .  The 
d e n s i t y - o f - s t a t e s , NVJ 0 f  t h e  v a le n c e  band i s  g iv e n  by ,
where mdJ t h e  d e n s i t y - o f - s t a t e s  e f f e c t i v e  m ass ,  can  be c a l c u l a t e d  from th e  
e q u a t i o n  2 .1 8 .  I t  i s  to  be n o te d  t h a t  b o th  t h e  l i g h t  h o l e  and heavy  h o l e  
e f f e c t i v e  m asses  were c o n s id e r e d  in  c a l c u l a t i n g  md ( c h a p t e r  2 ) .  The v a l u e s  
o f  md f o r  InP , GaAs and th e  q u a t e r n a r y  a l l o y  w ere  g iv e n  i n  c h a p t e r  3 .  In  
e q u a t i o n  8 . 1 ,  g i s  t h e  d e g e n e ra c y  f a c t o r  o f  t h e  a c c e p t o r  l e v e l .  B lakem ore
[1 5 2 ]  h a s  a rgued  t h a t  g=4 and  Brown and Blakem ore [1 4 6 ]  have  c o n f i rm e d  t h i s  
e x p e r i m e n t a l l y  f o r  Mn-doped GaAs. Thus i n  a l l  t h e  c a l c u l a t i o n s  p r e s e n t e d  
in  t h i s  c h a p t e r  g=4 i s  assum ed.
E q u a t io n  8 .1  i s  v a l i d  o n ly  i n  t h e  t e m p e r a t u r e  r a n g e  w h e re ,  Pq<<nv .
c o n d i t i o n  t h a t  P0 <<Ny i s  w e l l  s a t i s f i e d .
The m easured  f r e e  h o l e  c o n c e n t r a t i o n  a s  a  f u n c t i o n  o f  r e c i p r o c a l  
t e m p e ra tu re  i s  shown i n  f i g u r e  8 . 1 ,  f o r  t h r e e  sa m p le s  o f  GaAs. These 
sam ples  a r e  t h o u g h t  to  be uncom pensa ted  [1 5 3 ]  i . e . ,  N,<<n # i n t h e s e
Q  c l
dom inan t s c a t t e r i n g  mechanism and th e  i m p u r i t y  s c a t t e r i n g  i s  n e g l i g i b l e .  
T h is  shows t h a t  t h e s e  sam p les  a r e  uncom pensa ted  ( o r  l i g h t l y  c o m p e n s a te d ) .
3
( 8 .2 )
1 8Assuming an a v e ra g e  v a lu e  o f  md=o.55m , we f i n d  t h a t  Nv v a r i e s  from  9x10 lo 
cm"^ a t  300K t o  1 x 1 0 ^  cnT^ a t  77K. F o r  t h e  sa m p le s  s t u d i e d  h e r e ,  t h e
s a m p le s ,  t h e  h o l e  m o b i l i t y  i n c r e a s e s  from  a b o u t  350 cm /V - s e c  a t  300K t o  
^ 5 0 0 0  cm ^/V -sec a t  77K c o n f i r m in g  t h a t  t h e  l a t t i c e  s c a t t e r i n g  i s  t h e
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Figure 8.1 Free hole concentration a s  a function of  
reciprocal temperature for three GaAs samples .
Under t h e  c o n d i t i o n  t h a t  ^ < < N a and j n a d d i t i o n  pQ<<Na , e q u a t i o n  8 . 1 
r e d u c e s  to
\J g
exp ( 8 .3 )
Thus, t h e  s lo p e  o f , l n ( p  v s .  1/T p l o t ,  i n  t h e  low t e m p e r a t u r e  r e g io n
( o r  where pQ<<Na ) } g i v e s  t h e  a c t i v a t i o n  e n e rg y  o f  t h e  a c c e p t o r  l e v e l .  The
a c t i v a t i o n  e n e rg y  o f  Mn i m p u r i t y  l e v e l  i n  GaAs, c o n s i d e r i n g  a l l  t h e  t h r e e
sam p les  measued h e r e ,  i s  found to  be (110+6) meV. T h is  i s  i n  good
ag reem en t  w i th  t h e  th e rm a l  a c t i v a t i o n  e n e rg y  o f  100 meV o b t a i n e d  by
Blakemore e t  a l  [1 5 4 ] ,  on  sam p les  w i th  low t o t a l  dono r  c o n c e n t r a t i o n  
(N^ca y x i o ^ c m " 3 )  # Blakemore e t  a l  [ 1 5 4 ]  have  a l s o  deduced  an o p t i c a l  
i o n i z a t i o n  e n e rg y  o f  110meV f o r  M n -le v e l  i n  GaAs, from  th e  m easu rem en ts  o f  
o p t i c a l  a b s o r p t io n  and p h o t o c o n d u c t i v i t y  t h r e s h o l d .  Thus i t  a p p e a r s  t h a t  
t h e  Franck-C ondon s h i f t  f o r  t h e  Mn l e v e l  in  GaAs i s  n e g l i g i b l e .  I t  i s  
w orth  n o t i n g  t h a t  t h e  th e rm a l  a c t i v a t i o n  e n e rg y  d e c r e a s e s  w i th  i n c r e a s i n g  
and Nd . F o r  i n f i n i t e  im p u r i t y  d i l u t i o n  (Na- * 0 ,  Nd -*0 )  B lakem ore e t  a l  
[ 1 5 4 ]  deduce t h a t  t h e  th e rm a l  a c t i v a t i o n  e n e rg y  o f  Mn i s  0 . 11eV w hich  i s  
a p p r o x im a te ly  t h e  same a s  t h e  o p t i c a l  i o n i z a t i o n  e n e rg y .
In  t h e  low te m p e ra tu re  r e g im e ,  i . e . ,  k g T « E A, i f  p0 <<Nd e q u a t i o n  ( 8 . 1 )  
r e d u c e s  t o ,
Thus t h e  a c t i v a t i o n  e n e rg y  can  be deduced  from  th e  low t e m p e r a t u r e  r e g i o n
( 8 . 4 )
o f  th e  l n ( p 0 T- ^ ^ )  v s .  1/T o r  l n (  p T ^ / 2 p  ) v s . !  1/T p l o t .  The i n t e r c e p t  
o f  th e  l n ( p  t “^ ^ )  v s .  1/T l i n e  g i v e s ,
and  from t h i s  an  a p p ro x im a te  v a lu e  o f  Na /Nd can  be d e d u c e d .  E q u a t io n  ( 8 . 4 )  
a p p l i e s  t o  Mn doped InP  s i n c e  t h e  t h e r m a l  a c t i v a t i o n  i s  known t o  be l a r g e  
[ 1 4 4 ] .  From th e  m easu red  f r e e  h o l e  c o n c e n t r a t i o n  a s  a  f u n c t i o n  o f  
t e m p e r a t u r e ,  pQT” ^ 2 was deduced  and p l o t t e d  a s  a  f u n c t i o n  o f  r e c i p r o c a l  
t e m p e r a tu r e  i n  f i g u r e  8 . 2 ( a )  f o r  a  sam ple  o f  Mn:InP (5LE863). The 
m easu rem en ts  o f  t h e  H a l l  c o n s t a n t  and r e s i s t i v i t y  were made on t h i s  sam p le  
and th e  q u a t e r n a r y  a l l o y  sa m p le s  t o  be d e s c r i b e d  l a t e r ,  u s i n g  th e  s p e c i a l  
c i r c u i t r y  d e v e lo p e d  f o r  m easu rem en ts  on h ig h  r e s i s t a n c e  m a t e r i a l s  
( c h a p t e r  4 ) .  A th e r m a l  a c t i v a t i o n  e n e rg y  o f  (205±10) meV was deduced  f o r  
Mn i n  InP  from th e  s lo p e  o f  t h e  l i n e  i n  f i g u r e  8 . 2 ( a ) .  T h is  v a lu e  o f  E^ i s  
s l i g h t l y  s m a l l e r  t h a n  t h e  o p t i c a l  i o n i z a t i o n  e n e rg y  o f  230+10 meV o b t a i n e d  
from p h o to lu m in e s c e n c e  m easu rem en ts  on t h e  same sam ple  by Sm ith  e t  a l [ 1 5 5 ] .  
A v a lu e  o f  Na /Nd ~  60+30 was deduced  from th e  i n t e r c e p t  o f  t h e  l i n e  i n  
f i g u r e  8 . 2 ( a ) .  Assuming a  background  do n o r  c o n c e n t r a t i o n  e q u a l  to  t h e  
m easured  donor  c o n c e n t r a t i o n  o f  1 . 5 x 1 0 ^ cm"”^ n 5 5 ]  i n  n o m in a l ly  undoped 
InP  s a m p le s ,  we g e t  N_i£ (10+5 ) 1 0 ^ c m ” 3. K uznetsov  e t  a l [ l 4 5 ]  have
Cl “
1 7i n v e s t i g a t e d  s i n g l e  c r y s t a l s  o f  Mn:InP w i th  Na  v a r y i n g  from  8 .5 x 1 0  t o  
1 . 25x 1 0  ^ ^cm- ^ ancj Ndis( 1 t o  2 ) x 1 0 ^ c m “ ^ . These a u t h o r s  d educe  a  t h e r m a l  
a c t i v a t i o n  e n e rg y  o f  210 meV and  an o p t i c a l  a c t i v a t i o n  e n e r g y  o f  230 meV 
f o r  t h e i r  sam p les  from  e l e c t r i c a l  and o p t i c a l  a b s o r p t i o n  m easu rem en ts  
r e s p e c t i v e l y .  Thus, t h e r e  a p p e a r s  t o  be a  s m a l l  d i f f e r e n c e  be tw een  t h e  
th e r m a l  and o p t i c a l  i o n i z a t i o n  e n e r g i e s  o f  Mn i n  InP . As d e s c r i b e d  b e f o r e  
f o r  GaAs, E^ d e c r e a s e s  w i th  Nd and Na and hence  t h e  s m a l l e r  th e r m a l  
a c t i v a t i o n  e n e rg y  o b s e rv e d  i n  ou r  m easu rem en ts  and by K uzne tsov  e t  a l  c o u ld  
be s im p ly  due to  a  l a r g e r  v a lu e  o f  N Thus, a s  f o r  Mn i n  GaAs, t h e  
Franck-C ondon  s h i f t  f o r  Mn i n  InP  a p p e a r s  t o  be e i t h e r  s m a l l  (20+20 meV) o r  
n e g l i g i b l e .  I t  i s  i n t e r e s t i n g  to  n o t e  t h a t  K uznetsov  e t  a l  d e r i v e  t h e  same 
th e r m a l  a c t i v a t i o n  e n e rg y  f o r  a l l  t h e i r  sa m p le s  even th o u g h  N_ h as  changed
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by an  o r d e r  o f  m a g n i tu d e .  Hence, t h e y  c o n c lu d e  t h a t ,  i n  t h e i r  s a m p le s ,  an  
i n c r e a s e  i n  t h e  c o n c e n t r a t i o n  o f  Mn r e s u l t e d  i n  a  p r o p o r t i o n a l  i n c r e a s e  i n  
t h e  c o n c e n t r a t i o n  o f  th e  c o m p e n sa t in g  d o n o r s .
In  low y q u a t e r n a r y  a l l o y s ,  t h e  c a r r i e r  c o n c e n t r a t i o n  d e c r e a s e d
s w i f t l y  w i th  d e c r e a s i n g  t e m p e r a t u r e ,  a s  i n  In P .  Thus from  a  p l o t  o f
l n ( p o T“ 3 / 2 ) v s .  r e c i p r o c a l  t e m p e r a t u r e ,  t h e  th e rm a l  a c t i v a t i o n  e n e rg y
c o u ld  be d e d u c e d .  T h is  i s  shown i n  f i g u r e  8 .2 ( b )  f o r  a  y = 0 .4  s a m p le .  The
a c t i v a t i o n  e n e rg y  i s  c a l c u l a t e d  to  be (165+10) meV. An a p p ro x im a te  v a lu e
o f  E^=( 125+20) meV was r e p o r t e d  p re v io u s ly ! !  155 ] f o r  a  s i m i l a r l y  doped
sa m p le ,  from  th e  r e s i s t i v i t y  m easu red  as  a  f u n c t i o n  o f  t e m p e r a t u r e .
However, w i th  t h e  improvem ent i n  t h e  H a l l  e f f e c t  m e a s u r in g  s y s te m ,  t h e  h o l e
m o b i l i t y  and c a r r i e r  c o n c e n t r a t i o n  c o u ld  be m easured  and t h e  a n a l y s i s  o f
t h e s e  r e s u l t s  h a s  g iv e n  a more r e l i a b l e  v a lu e  f o r  w i th  a  s m a l l e r  e r r o r .
M easurem ents were a l s o  made on y= 0 .15  and y = 0 .70  a l l o y  sa m p le s  and th e
r e s u l t s  o f  th e  a n a l y s i s  a r e  g iv e n  i n  t a b l e  8 . 1 .  As f o r  In P ,  a  v a l u e  o f
16 "“3Na /Nd was c a l c u l a t e d  f o r  t h e s e  s a m p le s .  Assuming a v a lu e  o f  Nd =4x10 >
a s  i n  n o m in a l ly  undoped a l l o y s  [ 1 5 5 ] ,  Na h a s  a l s o  been  c a l c u l a t e d .
T ab le  8 .1  E l e c t r i c a l  c h a r a c t e r i s t i c s  o f  Gax i n i_ xAsy P i_y sam p les  
doped l i g h t l y  w i th  Mn
y p 290
( 1 0 ^ c m " 3 )
Na / Nd Na
( 1 0 l 6 cm“ 3)
%
(meV)
0 .  15 15 8+4 30+15 210±10
0 .4 0 7 . 1 5±3 20 ±8 165±10
0. 70 6 .0 1. 5 ± . 3 6+2 100+10
F ig u r e  8 . 3 ( a )  shows t h e  v a r i a t i o n  o f  t h e  f r e e  c a r r i e r  c o n c e n t r a t i o n  a s
a f u n c t i o n  o f  r e c i p r o c a l  t e m p e r a tu r e  f o r  t h e  y= 0 .9 4  sa m p le  m easured  by- 
Hayes [ 1 5 6 ] .  The a c t i v a t i o n  e n e rg y  f o r  t h i s  a l l o y  sam ple  was deduced  from 
a com puter  f i t  t o  th e  f u l l  e x p r e s s i o n  ( 8 . 1 ) ,  w i th  N&J N  ^ and EA a s  
a d j u s t a b l e  p a r a m e t e r s .  T h is  i s  n e c e s s a r y ,  s i n c e  a s  c an  be s e e n  from  th e
f i g u r e ,  t h e  pQ Vs .  1/T c u rv e  i s  n o t  l i n e a r  i n  t h e  h i g h  t e m p e r a t u r e
(T>200K) r e g i o n .  However, a n  a p p ro x im a te  v a lu e  o f  EA Can  be deduced  from 
th e  low  t e m p e r a t u r e ,  s t r a i g h t  l i n e  r e g i o n  o f  t h e  c u r v e ,  w here e q u a t i o n  
( 8 . 4 )  i s  v a l i d ,  and t h i s  v a lu e  o f  EA was u s e d  as  t h e  i n i t i a l  v a lu e  f o r  t h e  
com pute r  f i t .  The f i t t i n g  p r o c e d u re  p ro v id e d  p l a u s i b l e  v a l u e s  o f  t h e  
a c c e p t o r  c o n c e n t r a t i o n  ( 2 . 0 x 1  O ^cm "-^) , don o r  c o n c e n t r a t i o n
( 1 .3 x 1 0 1^ c n f^ )  and th e  th e r m a l  a c t i v a t i o n  e n e rg y  EA=(49+2) meV. T h is  v a lu e
o f  Ea i s  c l o s e  t o  t h e  v a lu e  o f  5 2 . 5meV d e te rm in e d  by Chand e t  a l [ l 4 9 ]  f o r
Mn i n  t h e  y=1 a l l o y ,  i . e . ,  GaQ # # 5 3 As .
The m easured  a c t i v a t i o n  e n e rg y  o f  Mn f o r  v a r i o u s  a l l o y  c o m p o s i t i o n s  i s  
shown i n  f i g u r e  8 . 4  a s  a  f u n c t i o n  o f  a l l o y  c o m p o s t io n .  Note t h a t  t h e  
l i g h t l y  doped sam p les  (N0<5x101 ^cm"3 and  NAr* 5x10 ^ c m " 3 )  a r e  r e p r e s e n t e d  by
c l Q
t h e  s o l i d  c i r c l e s .  The a c t i v a t i o n  e n e rg y  deduced  from th e
p h o to lu m in e s c e n c e  m easu rem en ts  [1 5 5 ]  a r e  shown by open c i r c l e s .  The 
th e r m a l  a c t i v a t i o n  e n e rg y  f o r  t h e  l i g h t l y  doped sa m p le s  and th e  o p t i c a l  
a c t i v a t i o n  e n e rg y  a r e  i n  good a g reem en t  w i th  e a c h  o t h e r  and t h e  d a t a  f o r  
t h e s e  r e s u l t s  can  be f i t t e d  to  t h e  f o l l o w i n g  e x p r e s s i o n ,
Ea = 230 -  185 y ( 8 . 5 )
F u j i t a  e t  a l [ 1 5 7 ]  have  m easu red  th e  e l e c t r i c a l  and o p t i c a l  p r o p e r t i e s
o f  Mn-doped y= 0 .5 5  a l l o y  s a m p le s .  These sa m p le s  were h e a v i l y  doped w i th  a
f r e e  h o l e  c o n c e n t r a t i o n  o f  a round  10^®cm” 3 a t  room t e m p e r a t u r e .  T h e i r  H a l l
m easu rem en ts  gave  a  th e r m a l  a c t i v a t i o n  e n e rg y  be tw een  30 and 4 0 meV, w h ich
i s  c o n s i d e r a b l y  l e s s  t h a n  t h e  e x t r a p o l a t e d  v a lu e  o f  125 meV u s i n g  th e  above  
e x p r e s s i o n .
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Figure $-4  Compositional dependence of the Mn acceptor  
activation energy in Gax In i-x  Asy P-|-y
o Photoluminescence measurements
E lectrical measurements
•  Lightly doped samples (Na<5xl017cm-3 , Nd ~5xl016cm“3) 
■ Na ~ (5 to lSJxlO^cm 3 and Nd ~ (1 to 2)xl038cm-3 
a Heavily doped samples (Na>lxl018cm“3f Nd>5xlCTL7cm“3)
The r e d u c t i o n  o f  w i th  d o p in g  i s  i n  a c c o rd a n c e  w i th  t h e  o b s e r v a t i o n  o f
Blakemore e t  a l [ 1 5 4 ]  f o r  Mn:GaAs d e s c r i b e d  e a r l i e r .  In  t h i s  work two 
h e a v i l y  doped sam ples  o f  y= 0 .65  and y= 0 .8 0  a l l o y s  were i n v e s t i g a t e d .  The 
f r e e  h o l e  c o n c e n t r a t i o n ,  a s  a  f u n c t i o n  o f  r e c i p r o c a l  t e m p e r a tu r e  was shown 
i n  f i g u r e  8 . 3 ( b ) .  The v a lu e s  o f  EA> Na and Nd were o b t a i n e d  by t h e  
com puter  f i t  t o  e q u a t i o n  ( 8 . 1 )  o f  t h e  H a l l  d a t a  a s  d e s c r i b e d  b e f o r e  and th e  
r e s u l t s  a r e  l i s t e d  i n  t a b l e  8 . 2 .  The a c t i v a t i o n  e n e rg y  f o r  t h e s e  sa m p le s  
a r e  a l s o  shown i n  f i g u r e  8 . 4  ( s o l i d  t r i a n g l e s ) ,  f o r  c om par ison  w i th  l i g h t l y  
doped s a m p le s .
T ab le  8 . 2  E l e c t r i c a l  c h a r a c t e r i s t i c s  o f  Gax i n -,_xAsy Pi _y a l l o y  sa m p le s  
doped h e a v i l y  w i th  Mn
y p 290 Na Nd ea
( 1 0*^cm- 3) (10^ ®cm"3) ( 10^cm "3.) meV
0 .6 5 18 1 .2 5 .9 6 0 .0
0 . 65* 100 18 82 2 3 .0
0 . 80 8 2 . 1 19 2 7 .0
* Hayes [1 5 6 ]
8 . 3  P r e s s u r e  dependence  o f  c a r r i e r  c o n c e n t r a t i o n
In  o r d e r  t o  c a l c u l a t e  t h e  p r e s s u r e  c o e f f i c i e n t  o f  t h e  a c t i v a t i o n  
e n e rg y ,  t h e  f r e e  h o l e  c o n c e n t r a t i o n  was m easu red  as  a  f u n c t i o n  o f  p r e s s u r e  
a t  room t e m p e r a tu r e  i n  a  p i s t o n - a n d - c y l i n d e r  a p p a r a t u s .  The e x p e r i m e n t a l  
r e s u l t s  f o r  t h r e e  sa m p le s  o f  GaAs a r e  shown i n  f i g u r e  8 . 5 .  The t e m p e r a t u r e  
d ependence  o f  pQ i n  t h e s e  sam p les  obeyed e q u a t i o n  ( 8 . 3 )  up t o  room 
te m p e r a tu r e  and h e n c e ,  from  e q u a t io n  ( 8 . 3 )  we can  w r i t e ,
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Thus th e  p r e s s u r e  c o e f f i c i e n t  o f  EA Gan be c a l c u l a t e d  from th e  s lo p e  o f  t h e  
l i n e  i n  f i g u r e  8 . 5  and i t  was found to  be dEA/ d P = ( 0 . 55+ 0 .15)  m eV /kbar. 
F ig u r e  8 . 6  shows th e  p r e s s u r e  dep en d en ce  o f  t h e  h o l e  d e n s i t y  p a r a m e t e r ,  
Z=%(g+Nd ) / [N a -Nd- ^ ] ,  f o r  d i f f e r e n t  a l l o y  c o m p o s i t io n s  i n  Gax In  i_ x Asy P-| _y . 
Thus from  e q u a t io n  ( 8 . 1 ) ,  t h e  s lo p e  o f  t h e s e  l i n e s  g iv e  ( 1 / k 0T )(d E A/ d P ) . 
As can  be s e e n ,  t h e  h o l e  d e n s i t y  d e c r e a s e s  more s w i f t l y  w i th  p r e s s u r e  a s  
t h e  c o m p o s i t io n  p a ra m e te r  y d e c r e a s e s .  Thus dE ^/dP  d e c r e a s e s  w i th  
c o m p o s i t i o n .
8 .4  Com parison w i th  t h e o r y
The a c t i v a t i o n  e n e rg y  o f  a  s h a l lo w  a c c e p t o r  i m p u r i t y ,  b a se d  on t h e  
s im p le  e f f e c t i v e  mass model i s  g iv e n  by e q u a t i o n  ( 2 .6 0 )  and i t  i s  
p r o p o r t i o n a l  to  (md / £ Q) .  Using th e  v a lu e s  o f  md and £0 d i s c u s s e d  in  
c h a p te r  3 , we f i n d  t h a t  t h e  a c t i v a t i o n  e n e rg y  o f  a  s h a l l o w  a c c e p t o r  i n  
Ga-Q j^InQ t^As to  be 4lmeV w h i l e  i n  InP  i t  i s  55meV. The a c t i v a t i o n  
e n e rg y  o f  a s h a l lo w  a c c e p t o r  i n  Ga0 ^ yi n 0 t^As i s  c l o s e  t o  fche v a lu e  o f  EA 
f o r  Mn, i . e . ,  50meV. However, t h e  m easu red  EA c hanges  from  230meV i n  InP  
t o  50meV i n  ^a o .4 7 l n 0 5 3 AS, i . e . ,  a f a c t o r  o f  f i v e  a c r o s s  t h e  a l l o y
c o m p o s i t i o n .  T h is  c a n n o t  be e x p la i n e d  on t h e  b a s i s  o f  a  s im p le  h y d r o g e n ic  
model and th e  r o u g h ly  ’ h y d r o g e n i c ’ v a lu e  o f  EA i n  GaQ j^ I n g  5 3 AS i s  a lm o s t  
c e r t a i n l y  f o r t u i t o u s .
The c o m p o s i t io n  d ependence  o f  EA a n d dEA/d P  were u sed  to  t e s t  w h e th e r  
th e  h y p o t h e s i s  o f  Ledebo and R id le y  ( c h a p t e r  2 ) ,  t h a t  t h e  d e e p  l e v e l s  
a s s o s i a t e d  w i th  t h e  t r a n s i t i o n  m e ta l  i m p u r i t i e s  a r e  f i x e d  w i th  r e s p e c t  t o  
th e  vacuum, a p p l i e s  to  th e  M n - le v e l .
- 0.1
0 y  = 0 . 9 4
“Q y  = 0 .8 0
- 0 .2
*  y = 0 .6 5*D
+ 
QO
SQP
c
y = 0 .4 0
- 0 . 3
CO
E
- 0 . 4
Slope = dEA
kBT d P
4 82 6
Pressure (kbar)
Figure 8-6 The pressure dependence o f  fhe hole density  
parameter for different a l loy  compositions in GaxIn1-x AsyRj_y.
If the Ledebo and Ridley hypothesis applies to the Mn level, then
( i )  t h e  a b s o l u t e  p o s i t i o n  o f  t h e  M n -le v e l  s h o u ld  be  c o n s t a n t  a s  a  f u n c t i o n  
o f  a l l o y  c o m p o s i t io n .
( i i )  The p r e s s u r e  c o e f f i c i e n t  o f  t h e  a c t i v a t i o n  e n e rg y  s h o u ld  be t h e  same 
a s  t h e  p r e s s u r e  c o e f f i c i e n t  o f  t h e  i o n i s a t i o n  p o t e n t i a l .  Here we a r e  
assum ing  t h a t  i f  t h e  e n e rg y  l e v e l  i s  i n d e p e n d e n t  o f  t h e  h o s t  l a t t i c e  t h e n  
i t  i s  a l s o  in d e p e n d e n t  o f  t h e  p r e s s u r e  w i t h i n  t h e  l a t t i c e .
The c o n d i t i o n s  ( i )  and ( i i )  would th e n  be g e n e r a l  and v a l i d  f o r  an y  d eep  
t r a n s i t i o n  m e ta l  i m p u r i t y  l e v e l  i n  t h e  a l l o y .  S in c e  Ledebo and  R id le y  [ 4 ]  
u sed  th e  band s t r u c t u r e  model (DM) o f  P h i l l i p s  and Van V echten  ( c h a p t e r  2 )  
t o  a rg u e  t h a t  t h e  i m p u r i t y  l e v e l s  a r e  t i e d  to  t h e  vacuum l e v e l  ( f i g u r e  
2 . 5 ) ,  t h i s  model s h o u ld  a l s o  p r e d i c t  t h e  c o m p o s i t io n  and p r e s s u r e  
d ependence  o f  th e  a c t i v a t i o n  e n e r g y .  The a b s o l u t e  p o s i t i o n  o f  t h e  Mn l e v e l  
can  be c a l c u l a t e d  from th e  i o n i z a t i o n  p o t e n t i a l ,  I ,  s i n c e  I  i s  m easu red  
from th e  t o p  o f  th e  v a le n c e  band in  t h e  d i e l e c t r i c  model and t h e  EA i s  a l s o  
r e l a t e d  to  th e  t o p  o f  th e  v a le n c e  b a n d .  The t h e o r e t i c a l  v a r i a t i o n  o f  t h e  
t o p  o f  th e  v a le n c e  ban d , - I ,  a s  a  f u n c t i o n  o f  c o m p o s i t io n  i s  shown by  t h e  
dash ed  l i n e  i n  f i g u r e  8 . 7 ( a ) .  The c o m p o s i t io n  dep en d en ce  o f  t h e  i o n i z a t i o n  
p o t e n t i a l  was c a l c u l a t e d  from e q u a t i o n  (2 .2 5 )  u s in g  th e  i n t e r p o l a t e d  v a lu e s  
o f  C± . rem a in s  c o n s t a n t  ( 1 ^ = 4 .67eV) w i th  c o m p o s i t i o n ,  s i n c e  t h e  l a t t i c e  
p a ra m e te r  do es  n o t  change  i n  t h i s  a l l o y .  The e x p e r i m e n t a l  p o i n t s  i n  f i g u r e  
8 . 7 ( a )  show th e  p o s i t i o n  o f  t h e  Mn l e v e l ,  - E ^ ,  o b t a i n e d  from  EA and I .  
The Mn l e v e l  a p p e a r s  t o  move up somewhat to w a rd s  t h e  vacuum l e v e l  a s  t h e  
t o p  o f  t h e  v a le n c e  band a l s o  moves u p ,  how ever ,  t h e  change  i s  p r o b a b l y  w e l l  
w i t h i n  t h e  e r r o r  i n  t h e  t h e o r e t i c a l  d e t e r m i n a t i o n  o f  t h e  v a r i a t i o n  o f  I  
w i th  c o m p o s i t i o n .  The p r e s s u r e  d e pendence  o f  I  i s  c a l c u l a t e d  from  e q u a t i o n  
2 .2 5  t o  b e ,
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where t h e  n u m e r ic a l  f a c t o r  i s  o b t a i n e d  by s u b s t i t u t i n g  f o r  1^ . F ig u r e
8 .7 ( b )  shows th e  v a r i a t i o n  o f  dEA/d P  a s  a  f u n c t i o n  o f  c o m p o s i t i o n .
A cco rd ing  to  th e  Ledebo and R id le y  m odel,  dE ^ /dP  s h o u ld  be  e q u a l  to  t h e  
a b s o l u t e  p r e s s u r e  dependence  o f  t h e  t o p  o f  t h e  v a le n c e  band d l / d P .  d l / d P  
was c a l c u l a t e d  from e q u a t i o n  ( 8 . 7 )  a ssum ing  th e  c o m p r e s s i b i l i t y  can  be 
o b t a i n e d  by i n t e r p o l a t i o n  ( c h a p t e r  4 )  and t h i s  v a r i a t i o n  a s  a  f u n c t i o n  o f  
c o m p o s i t io n  i s  shown by t h e  d a sh ed  l i n e  i n  f i g u r e  8 . 7 ( b ) .  Not o n l y  i s  t h e  
p r e d i c t e d  v a lu e  o f  d l / d P  much l a r g e r  t h a n  dEA/d P ,  i t  i n c r e a s e s  w i th  
i n c r e a s i n g  y ,  i n s t e a d  o f  d e c r e a s i n g  as  m e a s u re d .  T h is  d i s c r e p a n c y  c a n n o t  
be e x p la i n e d  i n  t e rm s  o f  t h e  p r e s s u r e  dependence  o f  t h e  F ranck-C ondon
s h i f t ,  a s  w i l l  be c l e a r  from th e  d i s c u s s i o n  p r e s e n t e d  l a t e r .
I t  can  t h e r e f o r e  be c o n c lu d e d  t h a t ,  w i t h i n  t h e  t e r m s  o f  t h e  model
p ro p o se d  by Ledebo and R id le y ,  t h e  a b s o l u t e  e n e rg y  o f  t h e  Mn l e v e l  i n  t h e
q u a t e r n a r y  a l l o y  d oes  n o t  rem a in  f i x e d  to  t h e  vacuum l e v e l  a s  t h e  p r e s s u r e
i s  c h a n g ed .  I n s t e a d  i t  a p p e a r s  t h a t  t h e  c l o s e r  t h e  Mn l e v e l  i s  t o  t h e
v a le n c e  band th e  more i t  i s  i n f l u e n c e d  by i t .  The v a lu e  o f  d l / d P  
c a l c u l a t e d  f o r  GaAs i s  2 .4 5  meV/kbar w hich  i s  much l a r g e r  t h a n  t h e  m easu red  
v a lu e  o f  dEA/dP=  0 .5 5  m eV /kbar. Thus t h e  Mn l e v e l  i n  GaAs a p p e a r s  a l s o  t o  
be i n f l u e n c e d  by t h e  v a le n c e  b a n d .
8 .5  D i s c u s s io n
R e c e n t ly ,  J a n t s c h  e t  a l [ 4 7 ]  have  r e p o r t e d  m easu rem en ts  o f  t h e  p r e s s u r e  
c o e f f i c i e n t s  o f  s u b s t i t u t i o n a l  deep  d o n o r  l e v e l s  i n  s i l i c o n .  F o r  S, S e ,  
and Te i m p u r i t i e s ,  w hich  a r e  s u b s t i t u t i o n a l  deep  d o n o r s  i n  s i l i c o n ,  t h e y  
found t h a t  t h e  a c t i v a t i o n  e n e rg y  o f  t h e  l e v e l  w i th  r e s p e c t  t o  t h e  
c o n d u c t io n  band d e c r e a s e d  w i th  p r e s s u r e .  The p r e s s u r e  c o e f f i c i e n t  o f  t h e s e  
deep  do n o r  l e v e l s  were two o r d e r s  o f  m a g n i tu d e  l a r g e r  t h a n  t h e  v a lu e  o f  
-5 x 1 0 ” ^ meV/kbar m easured  f o r  t h e  s h a l lo w  As d o n o r  i n  s i l i c o n  [ 1 5 8 ] .  The
s h a l lo w  i m p u r i t y  s t a t e s ,  d e s c r i b e d  by t h e  h y d ro g e n ic  m odel ,  nc l i n g ” t o  th e  
c l o s e s t  band edge and hence  move w i th  i t  on t h e  a p p l i c a t i o n  o f  p r e s s u r e .  
The p r e s s u r e  c o e f f i c i e n t  o f  t h e  a c t i v a t i o n  e n e rg y  o f  t h e  s h a l l o w  i m p u r i t y ,  
dE g /dP j can  be c a l c u l a t e d  from e q u a t i o n  ( 2 .6 0 )  and f o r  a c c e p t o r s ,  i t  i s  
a p p r o x im a te ly  g iv e n  by ,
d ( l n  E ) d ( l n  md ) d ( l n  £ )
   =  - 1 -  -  2  —  ( 8 . 8 )
dP dP dP
Thus Eg i n c r e a s e s  w i th  p r e s s u r e  i n  InP  and  Gax ln-j_xASyPi _y , s i n c e  t h e  h o l e  
e f f e c t i v e  mass i n c r e a s e s  w i th  p r e s s u r e  and  £Q d e c r e a s e s  w i th  p r e s s u r e .  
From th e  m easured  v a lu e s  o f  dlnmh /d P  ( c h a p t e r  7 )  and d£Q/d P  ( t a b l e  3 . 6 ) ,  
and th e  c a l c u l a t e d  v a lu e  o f  d n ^ /d P  ( c h a p t e r  7 ) ,  t h e  p r e s s u r e  c o e f f i c i e n t  o f  
s h a l l o w  a c c e p t o r s  i n  InP  i s  c a l c u l a t e d  to  be dEs /d P = 0 .2 3  m eV /kbar. Note 
t h a t  t h e  p r e s s u r e  c o e f f i c i e n t s  o f  mh and a r e  a lm o s t  t h e  same a s  t h e  
p r e s s u r e  c o e f f i c i e n t s  o f  t h e  h e a v y  h o l e  and l i g h t  h o l e  c o n d u c t i v i t y  
e f f e c t i v e  m asses  r e s p e c t i v e l y .  T h is  c a n  be v e r i f i e d  from  th e  e q u a t i o n s  
g iv e n  i n  c h a p t e r  2 .  F o r  th e  Ga©. 47I n 0 . 53As a l l o y ,  u s in g  i n t e r p o l a t e d  v a lu e  
o f  £q , t h e  m easured  v a lu e  o f  d£Q/d P  i n  GaAs and t a k i n g  dlnmd /dP=  2x10“ ^ 
k b a r" ^  from  th e  m easu red  v a lu e  f o r  t h e  y = 0 .8 0  a l l o y ,  we c a l c u l a t e d  
dEs / d P = 0 .26 m eV/kbar. The m easu red  v a lu e  o f  dE ^/dP  f o r  t h e  M n - l e v e l ,  
d e c r e a s e s  from  1 .3 8  meV/kbar i n  InP  t o  0 .3 5  meV/kbar i n  t h e  y = 0 .9 3  a l l o y .  
Thus, a g a in  l i k e  E^f t h e  e x p e r i m e n t a l  v a lu e  o f  dE ^/dP  f o r  y=1 a l l o y  i s  
c l o s e  t o  t h a t  c a l c u l a t e d  from t h e  h y d r o g e n ic  m ode l .  However, i n  InP , t h e  
c a l c u l a t e d  dEs /d P  i s  an o r d e r  o f  m a g n i tu d e  s m a l l e r  t h a n  t h e  m easu red  v a l u e .
H ja lm arson  e t  a l  [ 4 5 ]  have  p ro p o se d  a  model (HVWD m odel)  f o r  
u n d e r s t a n d in g  th e  c h e m ic a l  t r e n d s  i n  d e e p - l e v e l  e n e r g i e s .  A cco rd in g  t o  t h e  
HVWD m ode l ,  t h e  deep  l e v e l  i s  a  h o s t l i k e  a n t i b o n d in g  s t a t e .  More r e c e n t l y ,  
f o l l o w i n g  th e  s u g g e s t i o n  o f  Ledebo and R id le y ,  C a ldas  e t  a l  [ 1 5 9 ]  have  
s t u d i e d  th e  vacuum r e f e r e n c e d  b i n d in g  e n e rg y  (VRBE) o f  t h e  same t r a n s i t i o n
m eta l  i m p u r i t y  i n  v a r i o u s  com pounds. They fo u n d ,  l i k e  Ledebo and R id l e y ,  
t h a t  t h e  VRBE o f  t h e s e  i m p u r i t i e s  i s  a lm o s t  in d e p e n d e n t  o f  t h e  h o s t  
l a t t i c e .  T h is  i n v a r i a n c e ,  t h e y  a r g u e ,  i s  a  d i r e c t  c o n seq u e n c e  o f  t h e  
a n t i b o n d in g  n a t u r e  o f  t h e  d eep  l e v e l .  J a n t s c h  e t  a l  [ 4 7 ]  a rg u e  t h a t  t h e  
p o s i t i v e  p r e s s u r e  c o e f f i c i e n t  w i th  r e s p e c t  t o  t h e  v a le n c e  b a n d ,  o f  t h e  
s u b s t i t u t i o n a l  deep  i m p u r i t i e s  (S ,  S e ,  and Te i n  s i l i c o n )  i s  b e c a u s e ,  u n d e r  
p r e s s u r e ,  t h e  a n t i b o n d in g  h o s t l i k e  s t a t e s  a r e  pushed  f u r t h e r  up i n  t h e  gap  
w i th  r e s p e c t  to  t h e  v a le n c e  b a n d .  The t r a n s i t i o n  m e ta l  i m p u r i t i e s  i n  I I I - V  
compounds occupy s u b s t i t u t i o n a l  p o s i t i o n s  [ 2 ] ,  and t h i s  i s  p r o b a b ly  t r u e  
f o r  Mn i n  Gax i n i __xASyPi_y . T hus , t h e  p o s i t i v e  p r e s s u r e  c o e f f i c i e n t  f o r  Mn 
i n  t h e s e  m a t e r i a l s  i s  i n  q u a l i t a t i v e  a g re e m e n t  w i th  b o th  t h e  HVWD an d  VRBE 
m o d e ls .
In  t r y i n g  to  u n d e r s t a n d  th e  n a t u r e  o f  t h e  Mn d eep  l e v e l  i n  I I I - V  
compounds, i t  i s  i n t e r e s t i n g  to  s tu d y  t h e  g e n e r a l  t r e n d s  i n  t h e  p r e s s u r e  
c o e f f i c i e n t s  o f  t r a n s i t i o n  m e ta l  i m p u r i t i e s  i n  s e m ic o n d u c to r s .  In  f i g u r e  
8 . 8 ,  t h e  e x p e r im e n ta l  p r e s s u r e  c o e f f i c i e n t s  o f  t h e  v a r i o u s  t r a n s i t i o n  m e ta l  
i m p u r i t i e s  i n  InP , GaAs and S i  a r e  shown a s  a  f u n c t i o n  o f  t h e  d e p th  o f  t h e  
l e v e l  from  th e  v a le n c e  band i . e .  (Et _e v ) .  Note t h a t  t h e  p r e s s u r e  
c o e f f i c i e n t s  a r e  a l s o  r e f e r e n c e d  to  t h e  v a l e n c e  b a n d .  J a n t s c h  e t  a l  [ 3 ]  
have  used  i s o t h e r m a l  t r a n s i e n t  c a p a c i t a n c e  s p e c t r o s c o p y  t o  s tu d y  t h e  
p r e s s u r e  c o e f f i c i e n t s  o f  t h e  t r a n s i t i o n  m e ta l  i m p u r i t i e s  i n  s i l i c o n .  The 
p r e s s u r e  c o e f f i c i e n t  o f  Cr l e v e l  i n  GaAs (C r^ +—►Cr^+ ) h a s  been  o b t a i n e d  
from o p t i c a l  e x p e r im e n ts  by M a r t in e z  e t  a l  [ 1 6 0 ]  and W hite e t  a l  [ 1 6 1 ] .  
B oth  t h e s e  v a lu e s  a r e  shown i n  f i g u r e  8 . 8 ,  and a r e  i n  r e a s o n a b l e  a g re e m e n t  
w i th  e a c h  o t h e r .  The p r e s s u r e  d e p e n d en c e  o f  t h e  Cr d eep  l e v e l  i n  InP  h a s  
been deduced  from th e  r e s i s t a n c e  m easu rem en ts  a s  a  f u n c t i o n  o f  p r e s s u r e  i n  
n - t y p e  Cr doped InP  [1 6 2 ] .  I t  i s  i n t e r e s t i n g  to  n o t e  t h a t  t h e  t r a n s i t i o n  
m e ta l  i m p u r i t i e s  occupy i n t e r s t i t i a l  s i t e s  i n  S i  [ 3 ] ,  w h i l e  t h e y  occupy  
s u b s t i t u t i o n a l  s i t e s  i n  I I I - V  com pounds.
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From f i g u r e  8 . 8 ,  a  c l e a r  p i c t u r e  e m e rg es ,  i . e . ,  t h e  i n t e r s t i t i a l  t r a n s i t i o n  
m e ta l  i m p u r i t i e s  have  a n e g a t i v e  p r e s s u r e  c o e f f i c i e n t  w h i le  t h e  
s u b s t i t u t i o n a l  t r a n s i t i o n  m e ta l  i m p u r i t i e s  have  a p o s i t i v e  p r e s s u r e  
c o e f f i c i e n t .  In  t h e  same m a t e r i a l ,  s i l i c o n ,  J a n t s c h  e t  a l  [ 3 ]  have  shown 
t h a t  t h e  s u b s t i t u t i o n a l  i m p u r i t i e s  (S , Se and T e ) ,  a s  n o t e d  b e f o r e ,  h av e  
p o s i t i v e  p r e s s u r e  c o e f f i c i e n t s  w h i le  i n t e r s i t i a l  t r a n s i t i o n  m e ta l  
i m p u r i t i e s  have  a n e g a t i v e  p r e s s u r e  c o e f f i c i e n t .
Some o f  t h e  p r e s s u r e  c o e f f i c i e n t s  g iv e n  i n  f i g u r e  8 . 8  a r e  t h e  p r e s s u r e  
c o e f f i c i e n t  o f  th e  o p t i c a l  a c t i v a t i o n  e n e rg y  w h i l e  o t h e r s  c o r r e s p o n d  to  t h e  
t h e r m a l  a c t i v a t i o n  e n e rg y .  The d eep  l e v e l  m odels  d i s c u s s e d  e a r l i e r ,  do n o t  
c o n s id e r  l a t t i c e  r e l a x a t i o n  e f f e c t s  f o r  t h e  s im p le  g l o b a l  v iew  o f  d eep  
l e v e l s .  Thus i n  com paring  w i th  t h e o r y ,  i t  i s  n e c e s s a r y  t o  know t h e  
m a g n i tu d e  o f  t h e  F ranck-C ondon s h i f t  and i t s  p r e s s u r e  c o e f f i c i e n t .  
R e c e n t ly ,  B arnes  and Samara [1 6 3 ]  have  p ro p o se d  a  s im p le  m ethod f o r  
c a l c u l a t i n g  th e  p r e s s u r e  c o e f f i c i e n t  o f  t h e  Franck-C ondon  s h i f t , d E p ^ /c lp ,  
b a sed  on t h e  m u lt ip h o n o n  e m is s io n  model (MPE). A c c o rd in g  t o  t h e  
m u lt ip h o n o n  e m is s io n  m odel,  t h e  Franck-C ondon  s h i f t ,  Ep_£,(=s t i ( 0 ) , i s  g iv e n  
b y [ 1 64],
F‘
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w here F i s  a  l i n e a r  e l e c t r o n - p h o n o n  c o u p l in g  i n t e r a c t i o n  t e r m ,  M i s  t h e  
r e d u c e d  mass and co i s  t h e  phonon f r e q u e n c y .  From th e  above  e q u a t i o n ,  and 
assum ing  t h a t  F i s  in d e p e n d e n t  o f  p r e s s u r e  [ 1 6 3 ] ,  we can  w r i t e  f o r
dEF-C^
d( I n  E„ ) d(lnCO)
   = -  2   ( 8 .1 0 )
dP dP
T ak ing  an a v e ra g e  v a lu e  f o r  co and d o /d P  from  th e  m easured  v a lu e s  o f  t h e  LO 
and  TO phonon f r e q u e n c i e s  and t h e i r  p r e s s u r e  d e p e n d e n c e ,  d lnE p_c /d P  i s  
c a l c u l a t e d  to  be - ( 3 . 1 ± 0 . 2 ) x 1 0 " 3  k b a r “ ^, i n  GaAs. Taking E^ £=0.19eV  f o r  
Cr l e v e l  [ 1 6 5 ] ,  we g e t  dEp_^/ciP = - 0 . 6  m eV /kbar. T h is  i s  much s m a l l e r  t h a n  
t h e  m easured  v a lu e  o f  t h e  p r e s s u r e  c o e f f i c i e n t  o f  t h e  o p t i c a l  a c t i v a t i o n  
e n e rg y  ( ^  3 meV/kbar) f o r  t h i s  l e v e l .  P r e s e n t  e x p e r i m e n t a l  r e s u l t s  on 
M n:InP show Ep_£ (is  2 0 + 2 0  meV) i s  s m a l l  compared w i th  t h e  t r a p  d e p th  and i s  
p r o b a b ly  n e g l i g i b l e .  F o l lo w in g  t h e  same p ro c e d u re  a s  d e s c r i b e d  f o r  GaAs, 
t h e  p r e s s u r e  c o e f f i c i e n t  o f  t h e  F ranck-C ondon  s h i f t  f o r  d eep  i m p u r i t i e s  i n  
InP  i s  c a l c u l a t e d  to  be d ln E F _c /d P  = - ( 3 . 4+0 . 4 )x 10” ^ k b a r" ^  w h ic h  i s  o f  t h e  
same o r d e r  a s  i n  GaAs. Thus, u n l e s s  Ep_Q i s  c o m p a rab le  i n  m a g n i tu d e  t o  t h e  
t r a p  d e p t h ,  t h e  p r e s s u r e  dep en d en ce  o f  EF _C ± s  mUch s m a l l e r  t h a n  t h a t  o f  
t h e  t r a p  d e p th  and i s  p r o b a b ly  o f  l e s s  s i g n i f i c a n c e  w h i le  s t u d y i n g  g e n e r a l  
t r e n d s .
From f i g u r e  8 . 8 ,  we f i n d  t h a t  t h e  Cr l e v e l  in  GaAs h a s  a  p r e s s u r e  
c o e f f i c i e n t  v e r y  s i m i l a r  t o  t h e  p r e s s u r e  c o e f f i c i e n t  o f  t h e  i o n i z a t i o n  
p o t e n t i a l .  The same i s  t r u e  f o r  t h e  Cr l e v e l  i n  InP . T h is  i s  i n  good 
ag reem en t  w i th  t h e  Ledebo and R id le y  h y p o t h e s i s  and th e  VRBE m o d e l ,  i . e . ,  
t h a t  t h e  deep  i m p u r i t y  l e v e l s  a r e  f i x e d  to  t h e  vacuum l e v e l ,  w h ich  i m p l i e s  
t h a t  t h e  p r e s s u r e  c o e f f i c i e n t  o f  t h e s e  l e v e l s  w i th  r e s p e c t  t o  t h e  v a l e n c e  
band s h o u ld  be t h e  same a s  t h a t  o f  t h e  i o n i z a t i o n  p o t e n t i a l .  However, a s  
n o te d  e a r l i e r ,  t h e  p r e s s u r e  d ep en d en ce  o f  Mn d i s a g r e e s  w i th  t h e  Ledebo and 
R id le y  h y p o t h e s i s .  The d o t t e d  l i n e  i n  f i g u r e  8 . 8  i s  t h e  v a r i a t i o n  o f  
dE^/dP  f o r  Mi i n  t h e  q u a t e r n a r y  a l l o y .  I t  i s  t o  be n o te d  t h a t  Mn i n  a l l  
th e  compounds has  t h e  l o w e s t  p r e s s u r e  c o e f f i c i e n t  and th e  p r e s s u r e  
c o e f f i c i e n t  d e c r e a s e s  a s  t h e  l e v e l  g e t s  c l o s e r  t o  t h e  v a l e n c e  b a n d .  At t h e  
t h e  same t r a p  d e p th  dE ^/dP  f o r  t h e  q u a t e r n a r y  a l l o y  and GaAs c o i n c i d e .  
T h is  i s  t o  be e x p e c te d  i f  t h e  v a l e n c e  band i s  i n f l u e n c i n g  t h e  M n - l e v e l ,
s i n c e  t h e  n a t u r e  o f  th e  v a le n c e  band i s  s i m i l a r  i n  I I I - V  s e m i c o n d u c t o r s .
The s m a l l  p r e s s u r e  c o e f f i c i e n t s  f o r  Mn i n  I I I - V  compounds and th e  
d e c r e a s i n g  v a lu e  o f  dE ^/dP  a s  t h e  l e v e l  g e t s  c l o s e r  t o  t h e  v a le n c e  band 
i n d i c a t e  t h e  s t r o n g  i n f l u e n c e  o f  t h e  v a le n c e  band on t h e  M n - l e v e l .  F o r  t h e  
im p u r i t y  l e v e l  to  be i n f l u e n c e d  by t h e  n e a r e s t  band e d g e ,  t h e  i m p u r i t y  
w a v e f u n c t io n  m ust be somewhat d e l o c a l i s e d .  Among th e  3dn a c c e p t o r s  i n  
I I I - V  compounds, Mn h a s  t h e  l o w e s t  a c t i v a t i o n  e n e rg y .  A ls o ,  t h e  c h e m ic a l  
p r o p e r t i e s  o f  Mn w i th  t h e  h a l f  f i l l e d  d - s h e l l  a r e  s i m i l a r  i n  many ways to  
th o s e  o f  Zn w i th  a  c o m p le te ly  f i l l e d  d - s h e l l .  L ike  Zn, t h e  s o l u b i l i t y  o f  
Mn i n  I I I - V  compounds i s  v e r y  h i g h [ 4 8 ]  ( ^ 1 0 ^ c m " 3 ) .  i n v iew  o f  t h e  low 
i o n i z a t i o n  e n e rg y  and g r e a t e r  s t a b i l i t y  o f  t h e  3d-* c o n f i g u r a t i o n ,  a  h o l e  
may be  e n e r g e t i c a l l y  f a v o u r e d  i n  a  more d e l o c a l i s e d  o r b i t [ 4 8 ] .  In  t h i s  
c a s e  Mn w i l l  be i n  Mn^+(3d-*) s t a t e  w i th  a  h o l e  l o o s e l y  bound to  i t .  
R e c e n t ly ,  Dawei e t  a l [ l 6 6 ]  have  e x p la i n e d  t h e i r  ODMR ( o p t i c a l l y ' d e t e c t e d  
m a g n e t ic  r e s o n a n c e )  and ESR r e s u l t s  i n  M n:InP, a ssum ing  t h a t  t h e  h o l e  i s  
l o o s e l y  bound to  Mn^+. From t h e  ESR i n v e s t i g a t i o n s  o f  Mn i n  InP , M a s te ro v  
and M a s lo v [ l6 7 ]  c o n c lu d e  t h a t  p r a c t i c a l l y  a l l  Mn i m p u r i t y  a to m s  had  th e  
e l e c t r o n i c  c o n f i g u r a t i o n  3d^ , i . e .  Mn2+ s t a t e .  However, K uznetsov  e t  
a l [ 1 4 5 ]  found t h a t  most o f  t h e  Mn i n  InP  was i n  Mn^+ s t a t e .  S i m i l a r ,  Mn^+, 
c h a rg e  s t a t e  h a s  been  o b s e rv e d  f o r  Mn:GaAs by A ndrianov  e t  a l [ l 6 8 ] .  Thus 
t h e r e  a r e  d i f f e r e n c e s  i n  e x p e r im e n ta l  o b s e r v a t i o n s  o f  t h e  c h a r g e  s t a t e  o f  
t h e  Mn i m p u r i t y  i n  InP  and  GaAs. However, t h e  p r e s e n t  e x p e r i m e n t a l  r e s u l t s  
c l e a r l y  f a v o u r  Mn^+ w i t h  a l o o s e l y  bound h o l e .
From th e  e x p e r im e n ta l  r e s u l t s  and d i s c u s s i o n s  p r e s e n t e d  i n  t h i s  
c h a p t e r ,  t h e  f o l l o w in g  c o n c lu s i o n s  c an  be d raw n .
( i )  The c o m p o s i t i o n a l  d ependence  o f  t h e  a c t i v a t i o n  e n e rg y  o f  Mn i n  l i g h t l y  
doped Gax l n 1_xAsy P1_y a l l o y s  can  be d e s c r i b e d  q u i t e  w e l l  by  t h e  l i n e a r  
r e l a t i o n  EA= (2 30 -180y)meV.
( i i )  The c o m p o s i t i o n a l  d e pendence  o f  t h e  m easu red  p r e s s u r e  c o e f f i c i e n t  o f  
t h e  a c t i v a t i o n  e n e rg y  o f  t h e  M n--level i n  t h e  q u a t e r n a r y  a l l o y  i n d i c a t e s  
t h a t  t h e  c l o s e r  t h e  l e v e l  i s  t o  t h e  v a le n c e  band th e  more i t  i s  i n f l u e n c e d  
by i t .
( i i i )  The p o s i t i v e  p r e s s u r e  c o e f f i c i e n t s  f o r  M n - le v e ls  i n  GaAs, InP  and  th e  
q u a t e r n a r y  a l l o y  a r e  i n  q u a l i t a t i v e  a g re e m e n t  w i th  t h e  HVWD and  VRBE 
m o d e ls .  However, t h e  c o m p o s i t io n  d e p e n d en c e  o f  t h e  p r e s s u r e  c o e f f i c i e n t  o f  
t h e  M n - le v e l  in  t h e  q u a t e r n a r y  a l l o y  d i s a g r e e s  w i th  t h e  Lebedo and R id le y  
h y p o t h e s i s  and th e  VRBE m ode l .
( i v )  The Mn i m p u r i t y  w a v e f u n c t io n  i s  somewhat d e l o c a l i s e d  and t h i s  r e s u l t s  
i n  an  i n c r e a s e d  i m p u r i t y - h o s t  i n t e r a c t i o n .  The s i t u a t i o n  c o u ld  p r o b a b ly  be 
d e s c r i b e d  by s t a t i n g  t h a t  Mn i s  a  ' b o r d e r - l i n e *  deep  l e v e l .
(v )  H y d r o s t a t i c  p r e s s u r e  can  be u sed  to  d i s t i n g u i s h  be tw een  s h a l lo w  and 
deep  i m p u r i t y  s t a t e s  and be tw een  s u b s t i t u t i o n a l  and i n t e r s t i t i a l  d eep  
l e v e l s .
CHAPTER 9
Anomalous b e h a v io u r  o f  Mn and Ge co-doped  Gax ln - |_ xAsyP-| y a l l o y s
9 .1  I n t r o d u c t i o n
At p r e s e n t ,  Gax i n ^_xASyP-|_y a l l o y s  a r e  o n ly  grown l a t t i c e  m atched  to  
one o f  • t h e  t h r e e  b i n a r y  compounds InP , GaAs o r  ZnSe. However, t h i s  r a t h e r  
r e s t r i c t s  t h e  m a t e r i a l  to  c e r t a i n  c o m p o s i t io n s  o n ly  and hence  t h e r e  i s  a  
need f o r  e x p l o r i n g  deep  i m p u r i t i e s  i n  t h e s e  m a t e r i a l s  w hich  c a n  be 
i n c o r p o r a t e d  e a s i l y  to  p ro d u ce  b u lk  s e m i - i n s u l a t i n g  (G a in ) (A sP )  f o r  u se  a s  
a  s u s t r a t e .  A lso ,  f o r  v a r i o u s  o p t o e l e c t r o n i c  a p p l i c a t i o n s  h ig h  r e s i s t i v i t y  
m a t e r i a l  i s  n e e d e d .  There  i s  a l s o  a  need f o r  u n d e r s t a n d in g  th e  r o l e  o f  
deep  i m p u r i t i e s  and th e  manner i n  w hich  t h e y  i n f l u e n c e  t h e  p h y s i c a l  and 
e l e c t r o n i c  p r o p e r t i e s  o f  t h e s e  s e m ic o n d u c to r s .  R e c e n t ly ,  l a r g e  s i n g l e  
c r y s t a l s  o f  Mn-doped InP , w i th  r e s i s t i v i t i e s  a s  h ig h  a s  150 ohm-cm and w i th  
t h e  lo w e s t  h o l e  c o n c e n t r a t i o n s  r e p o r t e d  o f  3 x 1 c m ” 3, have  been  grown by 
t h e  LEC t e c h n i q u e  [ 1 4 4 ] .  S in c e  Mn form s a deep  a c c e p t o r  i n  InP  an d  a l l o y s  
o f  low y c o m p o s i t i o n ,  i t  i s  s e e n  a s  a  s u i t a b l e  c o m p e n sa t in g  d o p a n t  f o r  t h e  
p r o d u c t io n  o f  h ig h  r e s i s t i v i t y  m a t e r i a l s .  In  t h i s  w ork , Mn+Ge doped
Gao. 03^ 0 . 97AS0 . 0 7 p0 . 93 a l ^-°y Srown l a t t i c e  m atched to  F e -d o p ed  InP  
s u b s t r a t e  were i n v e s t i g a t e d .  Mn+Ge doped G a ^ ^ I n o ^  53As sa m p le s  were a l s o  
s tu d i e d  to  u n d e r s t a n d  t h e  p e c u l i a r  c o m p e n sa t io n  mechanism o b se rv e d  i n  t h e  
low y a l l o y .
9 . 2  E l e c t r i c a l  c h a r a c t e r i s t i c s  o f  Ga0 .0 3 I n 0 .9 7 As0 .0 7 P0 . 93
9. 2. 1 Growth
The Mi and Ge doped G a^^Q^Ing.gyAsg^07p 0 . 93 was § rown a ^ S . T . L . . T h is  
a l l o y  was p r e f e r r e d  to  InP  b e c a u s e  i t  i s  e a s i e r  t o  grow w i th  good 
m orphology  and freedom  from s u r f a c e  t e r r a c i n g .  The l a y e r s  were grown by 
LPE on  s e m i - i n s u l a t i n g  F e-doped  InP  (100)  s u b s t r a t e s  from  a  s i n g l e  p h a se  
m e l t  a t  615°C. Ge was added to  t h e  m e l t  i n  t h e  form o f  a  G e-In  m ix tu re  
p r e p a r e d  by d i s s o l v i n g  Ge i n  Ind ium . Mn was added i n  a  s i m i l a r  way by 
p r e p a r i n g  a  Mn+In m ix t u r e .  The u se  o f  a  s i n g l e  phase  m e l t  r e s t r i c t e d  t h e  
t h i c k n e s s  o f  th e  l a y e r s  grown to  a b o u t  1 .5  Hm . T a b le  9 .1  p r e s e n t s  t h e  
d o p in g  and e l e c t r i c a l  c h a r a c t e r i s t i c s  o f  two s e q u e n c e s  o f  t h e  s a m p le s  
g row n. The same Mn-doped m e l t  was u se d  th ro u g h o u t  t h e  s e q u e n c e ,  b u t  t h e  Ge 
c o n t e n t  o f  th e  m e l t  was i n c r e a s e d  a t  e v e ry  r u n ,  a s  i n d i c a t e d  i n  t h e  t a b l e ,  
u n t i l  n - t y p e  m a t e r i a l  was p ro d u c e d .  The amount o f  Mn and Ge i s  g iv e n  a s  
t h e  amount o f  d o p a n t  p e r  gm o f  In  i n  t h e  m e l t .  The s e g r e g a t i o n  c o e f f i c i e n t  
o f  Mn i n  t h i s  m a t e r i a l  i s  c l o s e  t o  u n i t y  w h i l e  t h e  s e g r e g a t i o n  c o e f f i c i e n t  
o f  Ge i s  a b o u t  10” 3. Thus i t  i s  e x p e c te d  t h a t  t h e  Ge c o n t e n t  o f  t h e  m e l t  
s h o u ld  be 10^ t im e s  t h e  amount o f  Mn t o  p ro d u ce  an  n - t y p e  m a t e r i a l .  In  
o r d e r  t o  a s s e s s  t h e  Mi and Ge c o n t e n t  o f  t h e  e p i l a y e r s  and hen ce  t o  c o n f i r m  
t h i s ,  s e c o n d a r y  io n  mass s p e c t r o m e t r y  (SIMS) m easurem ents  were made on t h e  
sam p les  from  sequence  1. The r e s u l t s  o f  t h e  SIMS a n a l y s i s  a r e  shown i n  
f i g u r e  9 .1  f o r  sam p les  FA286, FA291 and  FA292. The Mn c o n t e n t  o f  a l l  t h e  
t h r e e  l a y e r s  i s  a b o u t  1 x 1 0 ^  cm“ ^. A s l i g h t  d e c r e a s e  i s  a p p a r e n t  t h r o u g h  
t h e  s e r i e s  and t h i s  can  be a t t r i b u t e d  to  t h e  g r a d u a l  d e p l e t i o n  o f  t h e  Mn 
c o n te n t  o f  th e  m e l t .  The Ge c o n t e n t  i s  i n  a c c o rd a n c e  w i th  t h e  amount added  
to  th e  m e l t .  In  FA286, w i th  no Ge added  to  t h e  m e l t ,  t h e  Ge c o n t e n t  o f  t h e  
e p i t a x i a l  l a y e r  i s  low and i n d i s t i n g u i s h a b l e  from t h a t  o f  t h e  s u b s t r a t e .  
In  FA291, t h e  l a y e r  c o n t a i n s  Ge a t  a c o n c e n t r a t i o n  o f  4x10**® cm“ ^.
E l e c t r i c a l  c h a r a c t e r i s t i c s  o f  Mn doped GaQ Q3ln 0 97AsO 07p 0 .9 3  
T a b le  9 .1  Sam ples from  sequence  1
Sample Dopant i n  mg/g In  
m e l t  
Mn Ge
M a jo r i t y
c a r r i e r
n / p
C a r r i e r  
c o n c e n t r a t i o n  
( cm“ 3 )
M o b i l i t y
(cm2 /V -s e c )
FA286 0 .0085 0 P 4. 6 x 1 0 ^ 126
FA287 0 .0085 0 .7 P 2. 2x10 16 142
FA288 0 .0085 1 .2 P 2 .0 x 1 0 16 140
FA289 0 .0085 2. 4 P 1 .8 x 1 0 16 140
FA290 0 .0085 4 .8 P 1. 6x10 16 130
FA291 0 .0085 9 .6 P 1. 3x10 16 145
FA292 0 .0085 1 9 .2 n 6 . 6 x 1 0 ^ 452
T a b le  9 . 2 Sam ples from  se q u en ce  2
Sample Dopant i n  mg/g In M a jo r i t y C a r r i e r M o b i l i t y
m e l t c a r r i e r c o n c e n t r a t i o n
Mn Ge n / p (cm” 3)
p
(cm /V -s e c )
FA294 0.00344 0 P 6. 3x10 139
FA295 0.00344 1.91 P 2 . 5x1015 136
FA296 0.00344 2 .6 7 P 6. 0x10 ^ 121
FA297 0.00344 3 .7 9 n o o —
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Figure 9*1 S I M S  results  for samples from sequence 1
I n  FA292, w i th  tw ic e  a s  much Ge i n  t h e  m e l t ,  t h e  l a y e r  i s  found to  c o n t a i n
a b o u t  8x10^® cra“ 3 o f  Ge. The e r r o r  i n  t h e  SIMS d a t a  i s  a b o u t  10% and
hence  t h e  r e s u l t s  a r e  c o n s i s t e n t  w i th  t h e  o b s e r v a t i o n  t h a t  FA292 i s  t h e  
f i r s t  n - t y p e  sam ple  o f  t h e  s e r i e s .
S u lp h u r  i s  a  f r e q u e n t  c o n ta m in a n t  i n  t h e  Mn used  and i t  i s  s u s p e c t e d  
t h a t  t h e  sam p les  i n  seq u en ce  1 w ere  c o n ta m in a te d  w i th  s u lp h u r  i m p u r i t y  
[153]*  In  o r d e r  t o  r e d u c e  t h e  s u lp h u r  c o n t e n t ,  Mn+In m ix tu re  was baked  
up to  12 h o u r s  d u r in g  th e  second  g row th  s e q u e n c e .  Samples from  t h i s  g ro w th
se q u en c e  were used  f o r  t h e  H a l l  m o b i l i t y  m easu rem en ts  a s  a  f u n c t i o n  o f
t e m p e r a r u r e .
9 . 2 . 2  Doping dependence  o f  m o b i l i t y
The e l e c t r i c a l  m easu rem en ts  were made by t h e  a u th o r  a t  S u r r e y .  The 
do p in g  dependence  o f  m o b i l i t y  a t  room t e m p e ra tu re  i s  p r e s e n t e d  i n  t a b l e  
9 . 2 .  C o n s id e r  f i r s t  t h e  sam ple  FA297 i n  w hich  t h e  do n o r  c o n c e n t r a t i o n ,  
s l i g h t l y  exceeded  th e  a c c e p t o r  c o n c e n t r a t i o n ,  N&> l e a d i n g  to  a  f r e e  
e l e c t r o n  c o n c e n t r a t i o n  o f  1 x 1 0 ^  cm“ ^. The m easu red  m o b i l i t y  o f  500
O
cm /V -s e c  w ould , i n  InP , c o r r e s p o n d  to  a  d e n s i t y  o f  i o n i s e d  i m p u r i t i e s  o f
1 O o
a lm o s t  4x10 cm"° i n d i c a t i n g  t h a t  t h e  sam ple  i s  h e a v i l y  co m p e n sa te d  and 
t h a t  t h e  m o b i l i t y  i s  dom ina ted  by i o n i s e d  i m p u r i t y  s c a t t e r i n g .  The 
c om parison  o f  t h e  low  y a l l o y  ( y i c 0 . 0 7 )  w i th  InP  i s  v a l i d  s i n c e  t h i s  
c o m p o s i t io n  i s  c l o s e  t o  InP  i . e . ,  y=0 and a l l o y  s c a t t e r i n g  i s  t h o u g h t  t o  be 
s m a l l .  Sam ples FA296 and FA295, grown from m e l t s  c o n t a i n i n g  a  lo w e r  
c o n c e n t r a t i o n  o f  Ge showed p - ty p e  c o n d u c t i v i t y .  C o n s id e r in g  sam p le  FA295, 
t h e  Ge c o n te n t  o f  th e  m e l t  h a s  been  re d u c e d  by 50% w hich  would be e x p e c t e d  
to  p ro d u ce  a r e d u c t i o n  i n  t h e  d e n s i t y  o f  i o n i s e d  i m p u r i t i e s  by  a t  t h e  m ost
p
25%. However, t h e  m easured  v a lu e  f o r  t h e  h o l e  m o b i l i t y  o f  136 cm /V - s e c  i s  
v e r y  c l o s e  t o  t h a t  o f  h ig h  p u r i t y  InP  [ 6 1 ,1 4 4 ] .  I t  i s  c l e a r  t h a t  h e a v y
d o p ing  and co m p e n sa t io n  h a s  n o t  p roduced  any  s i g n i f i c a n t  change  i n  h o l e  
m o b i l i t y  from  t h a t  o f  th e  h ig h  p u r i t y  p - ty p e  m a t e r i a l  s u g g e s t i n g  t h a t  t h e  
i o n i s e d  i m p u r i t y  c o n te n t  rem a ined  s i m i l a r  t o  t h e  f r e e  h o l e  c o n c e n t r a t i o n .  
The same i s  t r u e  f o r  t h e  sa m p le s  from  se q u en c e  1.
9 . 2 . 3  T e m p e ra tu re  dependence  o f  m o b i l i t y
In  o r d e r  t o  c o n f i rm  th e  p r e s e n c e  o f  i o n i s e d  i m p u r i t y  s c a t t e r i n g  i n
n - t y p e  m a t e r i a l  and i t s  i n s i g n i f i c a n c e  i n  p - ty p e  m a t e r i a l s  c o n t a i n i n g  Mn
and Ge, t h e  c a r r i e r  m o b i l i t y  was m easu red  a s  a  f u n c t i o n  o f  t e m p e r a t u r e .
The e l e c t r o n  m o b i l i t y  i n  n - t y p e  m a t e r i a l  a s  a  f u n c t i o n  o f  t e m p e r a t u r e  i s
shown i n  f i g u r e  9 . 2  by t r i a n g l e s  (sa m p le  FA297). The e l e c t r o n  m o b i l i t y
i n c r e a s e s  w i th  i n c r e a s i n g  t e m p e r a tu r e  i . e . ,  d ^ / d T  > 0 , w h ich  i s
c h a r a c t e r i s t i c  o f  i o n i s e d  i m p u r i t y  d o m in a ted  m o b i l i t y  ( a p p e n d ix  3 ) .  In
p - t y p e  m a t e r i a l s ,  t h e  r e s i s t a n c e  o f  t h e  s a m p le s  a t  room t e m p e r a tu r e
e x c ee d e d  5x10^ ohms and hence  t h e  s p e c i a l  c i r c u i t r y  ( c h a p t e r  4 )  b u i l t  f o r
t h e  h i g h  r e s i s t a n c e  m easurem ents  was u s e d .  A s t r o n g  c a r r i e r  f r e e z e  o u t  was
o b s e rv e d  w i th  d e c r e a s i n g  t e m p e r a t u r e .  M easurem ents  c o u ld  be made down to
10130 K, a t  w hich  t e m p e r a t u r e ,  t h e  r e s i s t a n c e  o f  t h e  sam ple  a p p ro a c h e d  10 
ohms and r e l i a b l e  m easurem ents  became d i f f i c u l t .  The a c t i v a t i o n  e n e r g y  was 
deduced  from  th e  s lo p e  o f  pT 3/2 v s .  1/T p l o t  and was found to  be 213 meV 
i n  e x c e l l e n t  a g reem en t  w i th  t h e  r e s u l t s  p r e s e n t e d  i n  t h e  p r e v i o u s  c h a p t e r .  
The h o l e  m o b i l i t y  i n  sam ple  FA295 ( s o l i d  c i r c l e s )  and sam p le  FA294 
( c r o s s e s )  a r e  shown as  a  f u n c t i o n  o f  t e m p e r a t u r e  i n  f i g u r e  9 . 2 .  The h o l e  
m o b i l i t y  d e c r e a s e s  w i th  i n c r e a s i n g  t e m p e r a t u r e  i . e . ,  d p ./dT < 0 , w h ich  i s  
c h a r a c t e r i s t i c  o f  phonon s c a t t e r i n g  d o m in a ted  m o b i l i t y  ( a p p e n d ix  3 ) .  Thus, 
we have  t h e  i n t e r e s t i n g  and p o t e n t i a l l y  i m p o r t a n t  phenomenon t h a t  Mn and Ge 
com pensa te  i n  a  manner w hich p r o d u c e s  l i t t l e  o r  no i o n i s e d  i m p u r i t y  
s c a t t e r i n g  when t h e  m a t e r i a l  i s  p - t y p e .  The e f f e c t  i s  shown s t r i k i n g l y  by 
t h e  f a c t  t h a t ,  i n  s i m i l a r l y  doped m a t e r i a l s ,  b e lo w  180 K t h e  m o b i l i t y  o f  
h o l e s  i n  p - t y p e  m a t e r i a l  e x c e e d s  t h a t  o f  e l e c t r o n s  i n  n - t y p e  m a t e r i a l s .
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9.3 Dipole model
The e x p e r im e n ta l  r e s u l t s  p r e s e n t e d  ab o v e ,  on GaQ 0 3 ^ 0  97As0 07p 0 93j
s u g g e s t  t h a t  t h e  mechanism o f  c o m p e n sa t io n  be tw een  Mn and Ge i s  q u i t e
d i f f e r e n t  d e p e n d in g  on w h e th e r  t h e  sam ple  i s  n - t y p e  o r  p - t y p e .  The 
a c t i v a t i o n  e n e rg y  o f  Mn i n  t h i s  a l l o y  i s  a b o u t  213 meV an d  a t  t h e  g ro w th  
t e m p e r a tu r e  (Tg=6 l5 ° C ) ,  i n  a  p - ty p e  m a t e r i a l ,  o n ly  a b o u t  6% o f  t h e  Mn
a c c e p t o r s  a r e  i o n i s e d .  Thus t h e r e  a r e  l a r g e  num bers o f  u n i o n i s e d  Mn 
p r e s e n t  i n  p - ty p e  m a t e r i a l .  However, i n  n - t y p e  m a t e r i a l  a l l  t h e  Mn
a c c e p t o r s  a r e  com pensa ted  and hence  a r e  p r e s e n t  a s  i o n i s e d  Mn. The a b s e n c e  
o f  i o n i s e d  i m p u r i t y  s c a t t e r i n g  i n  t h e  p - ty p e  m a t e r i a l ,  t h e r e f o r e  a p p e a r s  to  
be a s s o c i a t e d  w i th  t h e  n e u t r a l  Mn w hich  i s  n o t  p r e s e n t  i n  n - t y p e  m a t e r i a l .  
The a n a m o lo u s ly  h ig h  h o l e  m o b i l i t i e s  c an  be e x p la in e d  by a  model i n v o l v i n g  
d i f f u s i o n  o f  n e u t r a l  Mn a tom s u n t i l  t h e y  become a d j a c e n t  t o  a  f i x e d  d o n o r .  
The e l e c t r o s t a t i c  i n t e r a c t i o n  be tw een  t h e  do n o r  and th e  a c c e p t o r  t h e n  
r e d u c e s  t h e  a c c e p t o r  i o n i s a t i o n  e n e rg y  so  t h a t  a s t a b l e  Mn+Ge p a i r  i s  
formed by c a p t u r e  o f  an e l e c t r o n .  T h is  i s  p i c t o r i a l l y  shown i n  f i g u r e  9 . 3 .
k
The amount o f  e n e rg y  by w hich  t h e  i m p u r i t y  l e v e l s  a r e  s h i f t e d  due t o  t h i s  
p a i r i n g  i n t e r a c t i o n  i s  s im p ly  t h e  coulomb i n t e r a c t i o n  i n s i d e  a  medium o f  
d i e l e c t r i c  c o n s t a n t  £ i . e . ,  where  Ld i s  t h e  d i s t a n c e  b e tw een
t h e  d o n o r  and th e  a c c e p t o r .  In  In P ,  f o r  Ld e q u a l  to  t h e  n e a r e s t  n e ig h b o u r  
d i s t a n c e ,  t h e  coulomb i n t e r a c t i o n  e n e rg y  AEc=o .4 6  eV. I f  t h e  d o n o r s  and 
th e  a c c e p t o r s  a r e  l o c a t e d  a t  d i s c r e t e  s i t e s  i n  t h e  l a t t i c e  ( e . g . ,  
s u b s t i t u t i o n a l  s i t e s ) ,  t h e  d i s t a n c e  Ld v a r i e s  by  f i n i t e  i n c r e m e n t s .  S i n c e ,  
AEq i s  i n v e r s e l y  p r o p o r t i o n a l  to  t h e  e n e rg y  g a in e d  by  t h e  p a i r
f o r m a t io n  d e c r e a s e s  w i th  L^. The n e u t r a l  Mn i s  a b l e  t o  a p p ro a c h  so  c l o s e  
to  t h e  d o n o rs  t h a t  a  d o n o r - a c c e p t o r  p a i r  w i th  a  s m a l l  d i p o l e  moment i s  
formed w hich i s  i n e f f e c t i v e  i n  s c a t t e r i n g  c h a rg e  c a r r i e r s  ( a p p e n d ix  3 ) .  No 
d i p o l e s  a r e  formed i n  t h e  n - t y p e  m a t e r i a l  b e c a u s e  t h e r e  a r e  no n e u t r a l  Mn 
and hence  Mn and Ge a r e  p r e s e n t  i n  t h e  m a t e r i a l  a s  i s o l a t e d  c h a rg e d
’ • . / /  Conduction band * * •> -** /  '  } *
: V' ' ■ : . * v*. : •*: *Y V. :\Y:
I j *,•' •* * • : . 4 * \  • /  . : # ♦ i 4 : •• . > #
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Figure 9*3 Electronic energy levels of donors, a ccep to rs  
and donor-acceptor pairs.
impurities. This leads to the ionised impurity scattering dominated 
mobility in the n-type material.
The presence of diffusing neutral Mn is a key feature of the model. 
If th is hypothesis is correct, then even in a heavily doped p-type material 
the mobility could be limited by ionised impurity scattering provided that 
there are large number of ionised Mn present. To test th is , Mn+Ge doped
Ga0. 47In0. 53As samples were studied. The activation energy of Mn in th is 
material has been deduced to be 45 meV from the e lectrical measurements 
presented in the previous chapter. Thus large numbers of ionised Mn are 
expected to be present in the material at the growth temperature.
9.4 Mn+Ge doped Ga0 . 47InQ^ 53As
The Mn and Ge co-doped Gao. l^Ing^53AS (y=1 alloy) samples were grown 
at the SERC central research fa c ility  at Sheffield. The layers were grown 
la ttic e  matched to InP by LPE, a t 659°C. The amount of Mn and Ge in the 
melt from which the samples were grown are shown in table 9.3. The 
e lectrical characteristics of these samples, measured at Surrey by the 
author, are also shown in th is table. The hole mobility in sample AT200 is  
considerably lower than the hole mobility of a high purity material which 
is about 160 cnr/V-sec. The hole mobility in GaQ i|yln0 5 3 AS as a function 
of Mn doping has been investigated by Chand et al [149], and Silberg et al
[150]. Silberg et al found that the hole mobility at room temperature 
decreased from 160 cm^/V-sec to 82 cm^/V-sec as the free hole concentration 
increased from 2.6x10^ to 2.8x10^® cm"3. Similar results are reported for 
Mn doped material by Chand et al and for Zn doped material by Takeda et al
[171]. Thus the hole mobility of 73 cm^/V-sec for sample AT200 can be 
compared with that of 82  cm /V-sec in the sample with a free hole 
concentration of 2.8x10^® cm"3 measured by Silberg et al [150]. However,
1 f\the free hole concentration in sample AT200 is  about 6.0x10 showing that
th is sample is highly compensated. In sample AT202, the mobility is
ofurther decreased to 53 cm /V-sec, with the hole concentration remaining 
almost the same as in AT200. These results clearly indicate that the 
samples AT200 and AT202 are highly compensated with large numbers of 
charged impurities, in excess of 3x1 0 ^ 8 cm”3, and the mobility is dominated 
by coulombic ionised impurity scattering at room temperature.
Table 9.3 Electrical characteristics of Ga ^ i n ^As samples doped with 
Mn and Ge
Sample Dopant in mg/g In Majority Carrier Mobility
melt carrier concentration
Mn Ge p/n (cm“3) (cm /V-sec)
AT196 0 11 n 2 . 0x10 17 1366
AT200 0 . 0 1 9 6 11 P 6 . 0x10 16 73
AT202 0 . 0 1 9 6 13 P 6 . 0x10 16 53
AT205 0 . 0 1 9 6 15 n 1. 0x1 0 18 82
The temperature dependence of hole mobility in sample AT200 is  shown 
in figure 9.4(a). Above about 150 K, the mobility is dominated by ionised 
impurity scattering. However, the mobility at lower temperatures decreases 
swiftly with decreasing temperature, probably due to the onset of impurity 
conduction. Figure 9.4(b) shows the variation of ( p/d) pT ^^ as a
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function of reciprocal temperature, d being the thickness of the epitaxial 
layer. An activation energy of 31 meV was deduced from the slope of the 
line drawn through the experimental data in the intermediate temperature 
region. Assuming a simple exponential dependence of carrier concentration 
with temperature, we find that, a t the growth temperature T -659°C, about
o
70% of the Mn acceptors are ionised. Thus there are only about 30% of 
neutral Mn le f t  to diffuse and form dipoles and a large number of charged 
impurities are le f t  in the crystal which are responsible for ionised 
impurity scattering.
9.5 Diffusion profiles
Confirmation of the hypothesis that the neutral Mn diffuses and moves 
up close to the donors to form dipoles, has been obtained by studying the 
diffusion profiles of Mn from the Mn-doped GaQ g^Ing 97AS0 07p0 93 
epilayers into a variety of InP substrates. About 1 flm thick, epitaxial 
layers of the low y alloy doped with about 5 x1 0 ^  atoms/cm*" 3 were grown 
under similar conditions on different InP substrates. The InP substrate 
was undoped or doped with either Zn, Fe or sulphur. The diffusion profiles 
of Mn from the epilayer into these substrates were produced by Loughborough 
consultants, using secondary ion mass spectrometry and the resu lts are 
shown in figure 9.5. The hole concentration in the Zn doped InP substrate 
was about 1x10^ cm“3 and the Mn diffused deeply into the substrate. As 
can be seen from the inset in figure 9.5, even at a depth of about 53 fim, 
the Mn concentration was ^ 1 0 ^  atoms/cm^. In the Zn doped material, a l l  
the donors are ionised and hence Mn remains neutral and diffuses to greater 
depths. In a nominally undoped n-type substrate containing 1x1 0 ^cm” 3 
electrons the Mn penetrated about 2 flm and the Mn profile has the form of 
a shoulder matching (Nd-Na) i-n the substrate. There is  an abrupt drop in 
the Mn concentration at about 2 flm inside the substrate to a level
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Figure 9 5 C o m p a r i s o n  o f  d i f f u s i o n  p r o f i l e s  f o r  Mn from  
1fjm t h i c k  e p i l a y e r  i n t o  a  v a r i e t y  o f  InP s u b s t r a t e s .
The figure in the inset shows diffusion of deeply into the 
Zn-doped InP substrate .
1<)15 cm"^ which is almost the lim it of resolution of the instrument, 
presumably because, this is as far as the diffusion front got during the 
growth time. In sulphur doped substrate with free electron concentration
iq qof 1.5x10  ^ cm“->, Mn diffused hardly at a l l  into the substrate. However,
a small peak in the Mn profile close to the interface is  observed. In 
sulphur doped substrate a very large number of donors are available close 
to the interface and a ll the neutral Mn atoms diffusing from the epilayer 
are neutralised close to the interface. The peak may tentatively  be 
associated with the diffusion of neutral Mn against a concentration 
gradient of immobile ionised Mn leading to an accumulation in the Mn 
content close to the interface. In the Fe doped semi-insulating substrate, 
the density of Mn remained almost constant to a depth of 2 |Im in the 
substrate, presumed equal to the density of electrons available there.
Figure 9.6 shows the SIMS results for two growths on the undoped 
substrate with an electron concentration of 1x1 0 ^  cm“3. The two
epilayers had thicknesses of approximately 1 Jim and 1.5 flm with a Mn 
concentration of 5x10^ cm”3 and 1x10^9  cm"3 respectively. The shoulder in 
the diffusion profile, as seen from figure 9 . 6 , is  independent of the 
concentration of Mn atoms in the epilayer and also the thickness of the 
epilayer but appear to depend only on the local electron concentration. 
The depth of Mn diffusion is larger in the case of epilayer containing 
1x10^9  cm“3 atoms, because of larger number of Mn atoms in the epilayer.
Silberg et al [170] have studied the diffusion of Mn into Ge doped 
regions in MBE grown ^ao.47^no 53^s epitaxial layers, containing well 
separated Mn and Ge doped regions. The layers with planned doping profiles 
of Mn and Ge were grown at 500°C. The SIMS measurements done on these 
layers a fte r annealing at 650°C for 4 hours showed that the Mn accumulated 
whereever Ge was present. When the Mn diffusion front encountered a thick
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Figure 9-6 Comparison of diffusion profiles of Mn info 
fhe same substrate from epilayers with
different Mn concentrations.
Ge doped region (^0.5 flm) Mn accumualated at the interface. Also, Mn 
penetrated into the Ge doped region only a fte r i t s  concentration reached a 
level proportional to the Ge concentration. These observations are 
consistent with the dipole model. Silberg et al [150] and Chand et al
[149] have shown that the Mn activation energy in Gao 4 7 ^ 0  53AS is about 
50 meV and is independent of the hole concentration. Thus, taking E^=5 o 
meV and assuming an exponential dependence of carrier concentration with 
temperature, i t  is found that at 650°C, only 53% of the Mn atoms are 
ionised. This is enough to produce a large enough number of charged
impurities for the hole mobility to be limited by ionised impurity
scattering as described in section 9 . 3 , but at the same time leaving behind
a large number of unionised Mn atoms. The neutral Mn thus diffuses into 
the Ge doped regions to form dipoles and hence further diffusion of Mn is 
dramatically reduced in the presence of Ge doped background. The 
accumulation of Mn at the leading edge of the Ge doped regions observed by 
Silberg et al is similar to the accumulation of Mn close to the interface 
as shown in figure 9.5 for diffusion profile of Mn from
^a0.03^n0 97^s 0.07^0 93 epilayer into S-doped InP substrate. This can be 
ascribed as before to the diffusion of neutral Mn against a large
concentration gradient of immobile ionised Mn. Silberg et al have also
observed that the Ge profile remained the same as in the as-grown material
even after annealing for 4 hours at 650°C. This clearly indicates that Ge
is practically  immobile in GaQ^ 471^ .  53AS. Thus the hypothesis that Mn is
the diffusing species appears correct.
9 .6  D i s c u s s i o n
The formation of donor-acceptor pairs is  not at a l l  unusual. Li+B 
pairs in silicon [171] and Zn+O pairs in GaP [172] are just two examples.
Recently, Ennen et al [173] have shown that Ni has a pronounced tendency to
form near neighbour associates with group-IV (Si,Sn,Ge) and group VI
(S,Te,Se) impurities in GaP and GaAs. However, th is is  the f i r s t  time, to
the authors knowledge that the process has been so complete that i t  results 
in high carrier mobilities in material with a high to ta l impurity content. 
This effect is  observable in the present case because Mn has both a high 
so lubility  in InP and GaxIn -j^ ASyP-j _y and has a large activation energy in 
low y material, so that there exists re la tively  large quantities of neutral 
Mn. Therefore there appears under normal growth conditions to be a 
relatively  narrow window where the so lub ility  and the activation energy are 
appropriate and this is now being investigated by measurements on other 
alloy compositions.
CHAPTER 10
Conclusions and recommendations for future work
Five important experimental investigations were made in th is work. 
They were
(i) The band gap dependence of the electron effective mass in the 
compound semiconductors, GaAs and InP, and in Gaxin^ xAsyP-| y 
alloys.
( i i)  The composition dependence of the pressure coefficient of d irect 
band gap in Gaxin^ASyP-,_y alloys.
( i i i )  The pressure dependence of hole mobility in GaAs, InP and 
Gaxin-|_xAsyPi_y a l l °ys for 0<y<0.85.
(iv) The properties of the Mn acceptor level in GaAs and InP and also 
i n GaxIn«|_xAsyPi_y as a function of alloy composition.
(v) The properties of GaxIn ^ _xAsyP-j_y alloys doped with both 
Mn and Ge.
The band gap dependence of the electron effective mass in InP was 
found to be in good agreement with the three band k.p model, while a small
contribution from higher bands ( 5^C) was necessary in GaAs. In both cases
i t  was concluded that the far band contribution to the electron effective 
mass is negligible, i . e . ,  C=0. Analysis of the composition dependence of
the electron effective mass in the alloys leads to the same resu lt i . e . ,
C=0. The values of dm /dEQ i n the alloy semiconductors, deduced from the 
high pressure experiments, were found to be much larger than in compound 
semiconductors and this was tentatively interpreted as due to the change in 
charge distribution around the cations, with pressure. The composition 
dependences of dm /dEQ and dEQ/dP, indicate that they are influenced by 
alloy disorder effects. The composition dependence of the pressure
coefficient of the heavy hole effective mass, obtained from experimental 
investigation of the pressure dependence of the hole mobility, shows a 
similar behaviour. A more detailed theoretical analysis of the electronic 
band structure of the alloys is essential for a quantitative understanding 
of the experimental results presented in th is work.
Although the composition dependence of the activation energy of Mn in 
GaxIn 1 -X^y^1 -y d oes not disagree with the suggestion by Ledebo and Ridley 
that the deep levels are fixed with respect to vacuum level, i ts  variation 
with pressure is quite contrary to the predictions of th is model. This 
disagreement could be due to a somewhat delocalised Mn-impurity wave 
function which is therefore, compared with other transition metal 
impurities, influenced by the nearest band which in th is case is the
valence band. For further work, i t  would be interesting to study the 
pressure coefficient of various transition  metal impurities in the same 
material since i f  these levels are fixed to the vacuum level, they should 
a ll  have the same pressure coefficient with respect to a particular band. 
Also i f  i t  is  proved correct that deep impurity levels are fixed with 
respect to the vacuum level, they can be used as markers to investigate the 
absolute energy positions of the band edges and the size of the band
offsets at heterojunctions.
In low y, quaternary alloys, Mn compensates Ge in such a manner that 
when the material is p-type the ionised impurities have l i t t l e  effect on 
the scattering of holes. This effect has been attributed to the formation 
of donor-acceptor pairs. The diffusion profiles of Mn from epilayers into 
a variety of substrates support th is hypothesis. Clearly the elimination 
of ionised impurity scattering in heavily doped highly compensated 
materials is of considerable importance for device fabrication. If  the
dipole model is correct, electrons should also suffer l i t t l e  ionised
impurity scattering so that optoelectronic devices, such as p-i-n diodes, 
with the in trinsic  region produced by Mn-donor compensation might be 
expected to have characteristics similar to those produced in high quality 
epitaxial material.
Appendix-1
Form ulae  f o r  t h e  c a l c u l a t i o n  o f  t h e  p r e s s u r e  c o e f f i c i e n t  o f
some o f  t h e  band p a r a m e te r s  from  th e  d i e l e c t r i c  model
(i) The change in la ttic e  constant, a, with pressure is  given by,
1 da - K 
a dP 3
where K is  the compressibility.
( i i)  The pressure coefficient of the average homopolar energy gap, E ,^ i s
“ 5.
2. 48 K Eh
dP 3
( ii i) The pressure dependence of Phillips ionicity
- 1
5 K
dP 3
(iv) The pressure dependence of AE^  and Dav are
d( AE±) AB± Sj K
dP 3
dCDaV 1 > ,
------------------= (Da v - 1 > K C4f i - 4 . 3 3 3 ]dP
where the parameter S. is  given in table A-1.
(v) In the presence of d-core perturbation, the pressure coefficient of
the direct band gap is given by
1
dE- Tj  1 V2 2
(vi) The pressure dependence of the spin orbit sp litting  of the h e  
sta tes is given by, ,
d A d A
  = 0.64 ---
dP dP
dP
- AEr
dP
dCAEp
dP
(vii) The pressure dependence of Eq> i . e . E(f^c)-E( is  given by
<  _ -  Eoh Sj K
dP 3 Eq
(v iii)  The pressure coefficient of the ionization potential, I can be
expressed as follows:
«  _ -s j * ig
dP 3 1
The structural parameters of the d ie lectric  method are given in table A-1 
In table A-2, values of some of the band parameters for certain 
semiconductors are given [34],
Table A-1
Table A-2
Parameter Value for Si 
(eV)
S.J
Eh 4.77 -2.48
Eoh 4. 1 0 -2.75
Eoh 3.40 - 1 . 9 2
AEi 1 2 . 8 0 -5.07
h 5. 17 - 1 . 3 0 8
Crystal a+ Dav C±(eV)
Si 4.444 1 . 0 0
Ge 4.630 1.267 0
GaAs 4.626 1.235 2 . 9 0
GaP 4.460 1 . 152 3.30
In As 4.940 1.354 2.74
InP 4. 802 1 . 2 7 0 3. 40
InSb 5.302 1.417 2 . 3 0
*f" in units of effective Bohr radius
A ppend ix -2
Nonparabolicity correction to the magnetophonon mass
For a nonparabolic conduction band, the energy of the 1th Landau level, E1? 
is  given by [7,28]
.2 2 ■/
^ kZ / K21
E1 = Eo+ (1+-5 +  T  + -
2m \ Eo I
2 2 "ft kz
ti o>c ( i+  1  ) + -----—
2m
, 1 *+ - s  PbB (A2-1)
where, the various symbols have the same meaning as described in chapter 2 .
There is  a large density-of-states region near the bottom of each Landau
level and hence a high probability per unit time for scattering of a
carrier into these regions. Thus the magnetophonon effect is  mainly
concerned with the electrons in states with k ~ o. In InP and GaAs, thez
$conduction band g-factor, g is  small and hence the spin sp littin g  of the
Landau levels can be ignored to a f i r s t  approximation. Thus, for k -o andz
assuming g =0 , we obtain,
!i  = Eo + (1+ \  + (K2 /Ec) (1+ 1 ) 2 (A2-2)
The energy separation between the 1th and the (1+N)th Landau levels is 
equal to
EN+1"e 1 = Nkcoc 1 + (K2 /Eq) Cbc*)0) (21+N+1) (A2-3)
A magnetophonon peak occurs when th is separation equals the optical phonon 
energy, so that
= Nti OJc 1 + (K2 /E0) ti Ci)c (2l+N+1 ) (A2-4)
In the case of a parabolic band, the condition for magnetophonon resonance 
is 1i gjo. Thus, the second term in the above equation is  a correction
term and i t  depends on the harmonic number N and the quantum number, 1 of 
the lower Landau level involved. According to equation, (A2-4), each value 
of 1 should give a resonance sligh tly  displaced in magnetic field  from i ts  
neighbour. The relative strengths of these resonance lines would depend on 
the occupancy of the individual levels concerned. The occupancy of the 
levels depends on the temperature and can be calculated by applying the 
appropriate s ta tis t ic s  to the density of electrons. The structure arising 
from the unequally spaced Landau levels is unresolved in most cases. The 
unresolved structure will be shifted to higher fields away from the field  
predicted for the parabolic band case. Assuming that the resonance extrema 
are given by taking a summation over 1 weighted by the Boltzmann factor for 
the 1th Landau level, we obtain [29]
1 + (k2 /e0)
expCh coc/kBT)-1
+N+1 (A2-5)
At high enough temperatures, where ti OOc« k BT, exp(tiu3n/kRT)-1 ^  1i LOn/kRT,V  BJ V  *B-
and hence
t i  = Nti CJ( 1+ (K2 /E0)
2kBT
+N+1
/
ti (A- ( A2-6)
Replacing, Nti 00c— ti , in the correction term and noting that Cx)c=eB/mp  ^
and mp^NeB/ Gl)-^  (chapter 2 ), we obtain
mph
°ph
= 1 +  —
K2 I 2kBT 1
+ 1 +  -
N
tico., (A2-7)
7
Since, K2<o, mph>m^ h. As noted in section 2.4.3, the magnetophonon 
effective mass, nip^ obtained after correcting for the nonparabolic i t  y must 
be further corrected for polaron effect to find the band edge effective
mass, m .
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